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V6Z 1Y6 Canada 



Introduction 

The prevalence of COPD is increasing worldwide and has become the fourth lead- 
ing cause of death in the United States. Although cigarette smoking is by far the 
most important risk factor, only 10-20% of smokers develop symptomatic COPD, 
and less than 15% of the variation in lung function among smokers can be 
explained by the extent and duration of cigarette smoking. These data indicate that 
host and/or environmental factors other than simple exposure must contribute to 
disease pathogenesis. Family and twin studies suggest that at least some of this vari- 
ance is genetic. In this chapter we discuss approaches to identify disease-causing 
genes and provide a current summary of the results of linkage and association stud- 
ies. 



COPD phenotypes 

A critical step in identifying disease-causing genes is the definition of phenotype. For 
years, clinicians, physiologists, pathologists and epidemiologists have debated the 
definition of COPD. In Table 1 we briefly summarize the phenotypes that have been, 
and/or could be used in the search for genes. Among them, the most common phe- 
notypes for COPD genetic studies are the presence and degree of airflow obstruc- 
tion and its rate of change over time. Airflow obstruction can occur on the basis of 
either of two very different pathophysiological processes in the lung: 1) inflamma- 
tion of the parenchyma resulting in proteolysis of the lung parenchyma and loss of 
lung elasticity (emphysema); and 2) inflammation, scarring and narrowing of the 
small airways (“small airway disease”). In an individual patient one of these 
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Table 1 - COPD phenotypes in 


genetic studies 


Cross-sectional categorical and quantitative phenotypes 


Chronic bronchitis 


Defined by a productive cough of more than three 
months duration for more than two successive years; 
this reflects mucous hypersecretion and is only weakly 
related to airflow obstruction 


Emphysema 


Defined as permanent enlargement of air spaces 
accompanied by destruction of the lung parenchyma. 
This lesion can be measured pathologically or by CT 
scanning and causes loss of lung recoil, hyperinflation 
and gas trapping. 


COPD 


Defined functionally, usually on the basis of reduced 
FEV 1 % predicted and FEV^FVC ratio. No universally 
accepted cut off values are available but the recently 
proposed GOLD categories have offered a new 
approach to standardization. 


Lung function 


Various measures of lung function can be used as 
quantitative traits in genetic studies 


Longitudinal quantitative phenotypes 


Rate of decline in lung function 


Since accelerated decline in lung function in response to 
cigarette smoking is believed to be the most important 
pathophysiological event leading to COPD, this is a 
potentially very powerful phenotype 


Rate of lung growth 


Since maximally achieved lung function is thought to be 
one potential source of variable response to cigarette 
smoke, genetic and environmental factors which 
influence lung and airway development are potentially 
important factors 


Age at onset of decline of lung 


Since one loses lung function as one age, the earlier this 


function 


process starts, the more likely lung function will reach a 
threshold that will lead to symptoms 
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processes, which may be controlled by different genetic factors, may predominate 
although both usually co-exist. Both of these processes ultimately produce similar 
patterns of functional impairment: decreased expiratory flow, hyperinflation and 
abnormalities of gas exchange. Until recently it has been impossible to separate 
these two processes. However, the recent demonstration by Nakano et al. [1] that 
the relative contribution of airway and parenchymal disease can be separated in 
smokers who have COPD by using high resolution computed tomography (HRCT), 
suggests that they should be measured and analyzed separately in future genetic 
studies. 



Approaches to identify susceptibility genes 

The two main strategies used to identify susceptibility genes are genomic scans and 
association studies. 



Genomic scans 

This approach involves searching the entire genome for regions that harbor disease- 
causing genes by linkage analysis. It usually requires affected families of at least 
two generations. Each family member is typed for DNA markers that are scattered 
throughout the genome. Linkage analysis determines whether any of the markers 
are inherited with the disease more than predicted by chance. If so, the next step is 
to perform fine mapping of the region with the aim of identifying novel or candi- 
date genes near the linked marker(s). The advantages of a genomic scan are that 
novel genes can be identified for the pathogenesis of a disease and that it is immune 
to confounding due to population admixture (see below). A good example of this 
approach was shown in the finding of the ADAM33 gene for asthma [2]. Howev- 
er, the disadvantage is the requirement for families with several exposed and affect- 
ed members in whom accurate phenotypic data are available. This requirement 
makes genetic dissection of diseases with a late age of onset, such as COPD, diffi- 
cult. 

Only two groups have reported linkage analysis in COPD [3, 4]. Silverman et al. 
enrolled 72 individuals who had severe, early-onset COPD and 585 of their rela- 
tives. Using qualitative phenotypes of airway obstruction (mild and moderate 
COPD) and chronic bronchitis they found suggestive evidence for linkage (LOD 
score > 1.21) on chromosomes 8, 12, 19, and 22. The highest two-point LOD score 
(3.14) was seen when the analysis was restricted to smokers and when mild obstruc- 
tion was the phenotype. For the quantitative phenotypes, FEV^ FVC and FEY]/ 
FVC, multipoint variance-component linkage analysis was performed and the high- 
est LOD score was 4.12 for FEV^FVC on Chromosome 2q. The highest LOD score 
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for FEVj was 2.43 on chromosome 12 in the same region that was linked in the 
qualitative study. 

Joost et al. [5] used markers spaced at ~10 cM in a genome-wide scan of 1,578 
members of 330 families participating in the Framingham Study to test for linkage 
of genetic markers to level of lung function, as determined by spirometry during 
middle age (48-55 years). Lung function at this age reflects lung growth, the maxi- 
mal lung function achieved and the rate of lung function decline. After correction 
for age and smoking status they found evidence of linkage for FEVj and FVC on 
chromosomes 4, 6 and 21 (maximum log score for FEV^ was 2.4 on chromosome 6 
and for FVC was 2.6 on chromosome 21). 

Interestingly, there is no co-localization of the loci identified within these two 
studies by Silverman et al. and Joost et al. Whether this can be explained by the dif- 
ferences in phenotypes that were studied or by the vagaries of chance remains to be 
determined. Flowever, because both studies use DNA markers with an average spac- 
ing of 9-10 cM, there is a risk of missing important sites of linkage, since linkage 
disequilibrium is unlikely to extend over more than 1-2 cM [6]. A set of 2,000 or 
more DNA markers would increase the resolution of genome scans. Another poten- 
tial limitation of these studies is that genome scans in larger extended families may 
give useful information about genes important in those families but may not be rel- 
evant to the population at large. 

The affected sib-pair method is the other way to test, genome-wide, for linkage 
and it is more suitable for late onset complex diseases such as COPD. Using this 
method, greater than expected sharing of alleles at a locus by sibs who smoke and 
are affected (i.e., develop airflow obstruction) suggests that the locus contains, or is 
near, a disease-causing gene. To date there have been no reports of such studies in 
COPD. Large sample size will be required to find genes of moderate effect in a dis- 
ease with relatively low heritability such as COPD. A multi-center consortium is in 
the process of identifying -1,000 affected sib pairs with COPD [7]. It is anticipated 
that more information will be available from similar studies within the next five 
years. 



Association studies 

This approach involves choosing candidate genes that are implicated in the patho- 
genesis of the disease. A disadvantage of association studies is that only known 
genes can be examined. There are several criteria to be considered in choosing the 
most likely candidate genes [8]. Firstly, the gene product must be a protein likely to 
be relevant to disease pathophysiology. Secondly, genes which lie within, or close to, 
linked loci should be given priority. Finally, the gene must contain single nucleotide 
polymorphisms (SNPs) or other types of genetic variation capable of producing 
functional differences in either the level of expression or the function of the gene 
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product (most probably within coding or regulatory regions). Although the design 
and implementation of association studies are relatively straightforward there are a 
number of potential sources of error, and large sample size and relatively high allele 
frequency are necessary to power studies sufficiently, since each gene polymorphism 
is likely to have a small effect. 

The two basic designs of association studies are cohort studies and case-control 
studies. To date, most association studies in COPD have been case-control studies, 
which involve unrelated individuals. Although this approach circumvents many of 
the problems associated with family studies there is a risk of false positive results 
due to population admixture. 

Population admixture can result in false positive and false negative association. 
For example, a false positive result could come about if one ethnic group had a 
higher incidence of COPD (based on unmeasured environmental factors) and a dif- 
ferent frequency distribution of candidate SNPs was admixed within the case 
group. Any SNP more common in this ethnic group would be spuriously “associ- 
ated” with the phenotype. This pitfall emphasizes the importance of careful selec- 
tion of cases and controls. Recently, several methods have been advocated to 
attempt to correct for population admixture. One of these approaches is the use of 
genomic controls [9, 10]. This strategy measures the degree of statistically identi- 
fied genotype-phenotype association for a large number (60 or more) of irrelevant 
SNPs. The association of a disease with irrelevant SNP suggests that there is a pop- 
ulation subset with different genetic backgrounds plus different disease susceptibil- 
ity. Such a spurious association can then be corrected in order to derive true gene- 
disease associations [11, 12]. 

Another potential hazard of association studies is the tendency to test multiple 
polymorphisms in many genes using a number of phenotypes. Multiple compar- 
isons inevitably result in false positive associations. This tendency, coupled with the 
bias resulting from failure to publish negative studies, is likely to be the basis of the 
frequent observation that association studies cannot be replicated. The expected 
frequency of false positives is given by l-(l-k) m (where m is the number of inde- 
pendent markers and k is usually 0.05, the significance level set for a single mark- 
er) [13]. An additional source of uncertainty in some of these studies is related to 
apparent association between a genetic variant and a disease which may be 
explained by other confounding factors such as environmental exposure [14]. 
Finally, linkage disequilibrium within the genome makes it difficult to implicate 
specific SNPs in disease pathogenesis. Linkage disequilibrium is the tendency of 
SNPs to be grouped together as haplotypes on chromosomes and is related to the 
low probability that chromosomal recombination will separate two SNPs that are 
in close proximity on a chromosome over the relatively brief period of human evo- 
lution. A polymorphic marker that is associated with a disease phenotype may be 
in linkage disequilibrium with another allele at a nearby locus that is the true sus- 
ceptibility allele. 
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Cigarette smoke 




Figure 1 

Summary of pathways and possible candidate genes involved in the pathogenesis of COPD. 
Genes that have been associated with COPD are in bold font. ( ROS , reactive oxygen species; 
TNF-a, tumor necrosis factor- a; VDBP, vitamin D- binding protein; IL-1 p/ILIRN, interleukin- 
1 p/interleukin-1 p receptor-antagonist; LTB 4 , leukotriene B 4 ; 5-LO, 5- lipoxygenase; a r AT, 
a r -antitrypsin; TIMP, tissue inhibitors of metal loproteinases; a r ACT f a r antichymotrypsin; 
a 2 -MG, a 2 -macroglobulin; MMPs, matrix metal loproteinases; NE , neutrophil elastase; CatG, 
cathepsin G; Pr3, proteinase 3; mEH r microsomal epoxide hydrolase; P450, cytochrome P- 
450; GST, glutathione S- transferase; HO-1, heme oxygenase-1 ; Cu/Zn-SOD, copper-zinc 
superoxide dismutase; EC-SOD, extracellular SOD; CFTR, cystic fibrosis transmembrane reg- 
ulator; SPs, surfactant proteins). 
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Candidate genes studied in COPD 

The protease-antiprotease and oxidant-antioxidant hypotheses have dominated our 
thinking in the pathogenesis of smoke-related COPD. Both hypotheses are closely 
related to modulation of the consequences of the inflammatory process. The genes 
involved, or potentially involved, in the pathogenesis of COPD are summarized in 
Figure 1. 



Protease and antiprotease genes 

a r antitrypsin (a r AT) 

cq-AT deficiency is the most convincing and well characterized genetic risk factor for 
COPD [15]. The cq-AT is the major plasma protease inhibitor of neutrophil elastase. 
The PI locus is polymorphic; in the Caucasian population, the frequencies of M, S 
and Z alleles are >95%, 2-3% and 1% respectively. These alleles are associated with 
normal, mildly-reduced and severely-reduced cq-AT levels. A small percentage of 
people inherit a null allele, which leads to complete absence of cq-AT production. 
Individuals with two Z alleles or one Z and one null allele are referred as PI Z. PI Z 
individuals have approximately 15% of normal plasma cq-AT levels. The levels are 
low because 85% of the synthesized mutant Z a! -AT is retained as polymers within 
hepatocytes. Individuals with MS and MZ genotypes have ~ 80% and 60% of nor- 
mal cq-AT levels, respectively. Heterozygous PI SZ is rare and individuals with this 
genotype have a! -AT levels -40% of normal. Some of the association studies of cq- 
AT, other antiprotease and protease genes and COPD are shown in Table 2. 



Other antiprotease genes 

Tissue inhibitors of metalloproteinases (TIMPs) 

TIMPs are inhibitors of the matrix metalloproteinases (MMPs). Four members of 
the TIMP family (TIMP1-4) interact with the active form of MMPs to inhibit their 
activities. TIMP1 and TIMP2 have the potential to participate in pulmonary dis- 
eases such as emphysema. TIMP2 is a more effective inhibitor of MMP2 and MMP9 
than MMP1 [31]. There is some evidence to suggest that the membrane-type MMP1 
(MT1MMP)/MMP2/TIMP2 system plays a role in the pathogenesis of pulmonary 
emphysema [32]. 



a^antichymotrypsin (a r ACT) 

aj -ACT belongs to the serine protease inhibitor family and is expressed in alveolar 
macrophages and airway epithelia. 
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Table 2 - Associations of protease-anti protease gene polymorphisms and COPD 



Antiprotease genes 



1 . a r anti typsin (a r AT) 

- ZZ genotype: associated with emphysema [16]; accelerated rate of decline of lung func- 
tion [17]; early-onset of COPD [16, 18] 

- MS and MZ genotypes: MZ genotype frequency increased in COPD, MS genotype not 
consistent [19, 20] 

- SZ genotype: increase prevalence of COPD [21] 

- 3' Taq-1 polymorphism: increased frequency in emphysema [22] and COPD [23]; not 
associated with COPD [24] 

- 3' Hind - III polymorphism: Increased frequency in COPD [25] 

2. TIMP-2 : associated with COPD [26] 

3. a r ACT: associated with COPD [27]; not associated with COPD [24] 

4. a 2 -MG : associated with COPD [28] 



Protease genes 



1. MMP1 : G-1607GG: associated with rapid decline of lung function [29] 

2. MMP9\ 

- -1562C/T: associated with emphysema [30]; not associated with decline of lung function 

[29] 

CA repeat: not associated with decline of lung function [29] 

3. MMP12 : Asn357Ser: not associated with decline of lung function [29] 



Proteinase genes 

Matrix metalloproteinases (MMPs) 

MMPs comprise a structurally- and functionally-related family of at least 20 prote- 
olytic enzymes that play essential roles in tissue remodeling. Over-expression of 
human MMP1 results in emphysema in transgenic mice, and deletion of MMP12 in 
mouse models prevents smoking-related emphysema. MMPs have been shown to 
play a role in the pathogenesis of pulmonary emphysema in humans. The insertion 
of a G at position -1607 (-1607GG) in the promoter of MMP1 gene was found to 
be associated with a higher levels of gene expression [33]. Two polymorphisms in 
the promoter region of MMP9 have been associated with promoter activity, with 
higher level of expression for the T allele in the -1562C/T polymorphism or small- 
er number of CA repeats [34, 35]. 
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Antioxidant and xenobiotic metabolizing enzyme genes 
Heme oxygenase-1 (HMOX1) 

HMOX1 is a key enzyme in heme catabolism, functioning as an antioxidant 
enzyme. The HMOX1 gene (GT)n dinucleotide repeat in the 5’-flanking region 
shows sequence length polymorphism and specific alleles are associated with differ- 
ent levels of gene transcription during thermal stress [36]. There is also in vitro evi- 
dence that a high number of (GT)n repeats may reduce HMOX1 inducibility by 
reactive oxygen species (ROS) in cigarette smoke [37]. 

The results of association studies of HMOX1 and xenobiotic metabolizing 
enzyme genes are presented in Table 3. 



Xenobiotic metabolizing enzyme genes 

Microsomal epoxide hydrolase (mEH) 

mEH metabolizes polycyclic aromatic hydrocarbons, which are carcinogens found 
in cigarette smoke. Two well-characterized polymorphisms have been described: the 
first, within exon 3, results in the substitution of Tyr with His at amino acid posi- 
tion 113; another, within exon 4, codes for the substitution of a His with Arg at 
amino acid position 139. The change from 113Tyr to 113His causes reduced 
enzyme activity to at least 50% (slow allele), and 139His to 139Arg causes 
increased enzyme activity by at least 25% (fast allele). 



Glutathione-S-transf erases (GST) 

GSTs are a family of enzymes that appear to be critical in protection against oxida- 
tive stress by detoxifying various toxic substrates in tobacco smoke. Several GST 
polymorphisms have been identified. GSTM1 has three alleles: GSTM1 *0 is a null 
allele in which the entire gene is absent while GSTM1 * A and GSTM1 *B encode 
monomers that form active enzymes. Obviously, homozygosity for the GSTM1 null 
allele results in a complete lack of GSTM1 activity. GSTT1 has a similar null geno- 
type. GSTP1 contains two polymorphisms: an A->G transition at nucleotide +313 
that leads to the 105Ile/Val substitution and a C^T transition at nucleotide +341 
that leads to the 114Ala/Val substitution. The 105 substitution has been shown to 
result in altered catalytic activity [59], though there is currently no evidence of a 
functional effect of the 114 substitution. 



Cytochrome P4S01A1 

The polycyclic aromatic hydrocarbon-metabolizing cytochrome P450 isoform, 
P4501A1 (CYP1A1), is an enzyme that metabolizes exogenous compounds to 
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Table 3 - Association studies of antioxidant and inflammatory mediator gene polymorphisms 
and COPD 


Gene/genotype 


Phenotype of COPD 


Association 


Population 


Refs 


Heme oxygenase-1 


Emphysema 


Yes 


Japanese 


[37] 


(HMOX1): GT repeat 


Rate of lung function j 


No 


Whites 


[38] 


Microsomal epoxide 


Emphysema 


Yes 


Caucasians 


[39] 


hydrolase ( mEPHX ): 


COPD 


Yes 


Caucasians 


[39] 


1 13His/His139 


COPD 


No 


Koreans 


[40] 




Rate of lung function j 


Yes 


Whites 


[19] 


GST Ml null 


Chronic bronchitis 


Yes 


Caucasians 


[41] 




Emphysema with cancer 


Yes 


Caucasians 


[42] 




COPD 


No 


Koreans 


[40] 




Lung function growth 


Yes 


Whites 


[43] 




Rate of lung function j 


No 


Whites 


[38] 


GSTT1 null 


COPD 


No 


Koreans 


[40] 




Lung function growth 


No 


Whites 


[43] 




Rate of lung function J 


No 


Whites 


[38] 


GSTP1 105lle 


COPD 


Yes 


Japanese 


[44] 




COPD 


No 


Koreans 


[45] 




Rate of lung function j 


No 


Whites 


[38] 


105Val 


Lung function growth 


Yes 


Whites 


[43] 


Cytochrome P4501A1: 


Emphysema with cancer 


Yes 


Caucasians 


[46] 


462Val 










TNF- a: -308A 


Chronic bronchitis 


Yes 


Chinese 


[47] 




Emphysematous change (HRCT) Yes 


Japanese 


[48] 




COPD 


Yes 




[49] 




COPD/Airflow obstruction 


No/Yes 


Whites 


[50] 




COPD 


No 


Japanese 


[51] 




COPD/Airflow obstruction 


No/No 


Caucasians 


[52] 




Rate of lung function J 


No 


Whites 


[19] 


-308A/G or -376G/A 


COPD/emphysema 


No/No 


Dutch 


[53] 


or -238G/A 










+489G/A 


COPD/emphysema 


Yes/Yes 


Dutch 


[53] 
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Table 3 (continued) 


Gene/genotype 


Phenotype of COPD 


Association 


Population 


Refs 


Vitamin D binding protein COPD 


Yes 


Caucasians 


[54] 




COPD 


Yes 


Japanese 


[55] 




Rate of lung function | 


No 


Whites 


[19] 


//_- 7/3: -511C/T 


COPD 


No 


Japanese 


[51] 




Rate of lung function j 


No 


Whites 


[56] 


IL1RN: 86bp Tandem 


COPD 


No 


Japanese 


[51] 


repeat 


Rate of lung function [ 


No 


Whites 


[56] 


IL-1 p/IL1 RN haplotypes 


Rate of lung function j 


Yes 


Whites 


[56] 


IL-13 : -1055C/T 


COPD 


Yes 


Whites 


[57] 




Rate of lung function 1 


No 


Whites 


[58] 


Arg130Gln 


COPD 


No 


Whites 


[57] 




Rate of lung function j 


No 


Whites 


[58] 



enable them to be excreted in the urine or bile. The most common allelic variants of 
CYP1A1 are the Mspl restriction site located in the 3’-flanking region, the Ile462Val 
polymorphism located in exon 7, and the C-459T polymorphism located in the pro- 
moter. The 462Val isoform results in increased CYP1A1 activity in vivo [60]. 



Inflammatory mediator genes 

Tumor necrosis factor-alpha (TNF-a) 

TNF-a is a pro-inflammatory cytokine, whose production is elevated in the airways of 
COPD patients, especially during acute exacerbations [61]. The G-308A polymorphism 
in the promoter of TNF-a has been associated with higher expression of TNF-a [62]. 

The associations of SNPs in TNF-a and other inflammatory mediator genes with 
COPD are listed in Table 3. 



Vitamin D binding protein (VDBP) 

VDBP has effects on neutrophil chemotaxis and macrophage activation. Two com- 
mon SNPs that have been extensively studied cause amino acid variants: a GAT to 
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GAG substitution at codon 416 causes replacement of aspartic acid by glutamic acid 
and the ACG to AAG substitution at codon 420 changes threonine to lysine. Only 
three of the possible four isoforms formed by combinations of these amino acid sub- 
stitutions exist due to linkage disequilibrium and these isoforms are named IF, IS, 
and 2 [63]. 



Interleukin-1 (IL-I) complex 

The IL-1 family consists of pro-inflammatory cytokines (IL-la, IL-1 (3) and the anti- 
inflammatory agent, IL-1 receptor antagonist (IL1RN). IL1RN competitively 
inhibits the binding of IL-la and IL-lp to its receptor but does not induce any 
intracellular response. A base pair substitution at position +4845 from the tran- 
scription start site in exon 5 of the IL-la gene results in an 114Ala to 114Ser sub- 
stitution. There are two SNPs in the IL-lp gene: C-551T in the promoter region 
and C3953T in exon 5. The gene encoding IL1RN has a six-allelic 86-bp tandem 
repeat in intron 2. Evidence of gene-gene interaction at these loci includes the 
enhancing effect of the IL-1RN allele 2 (containing two repeats) on IL-1RA plas- 
ma levels requiring the presence of the IL-ip -51 IT or the absence of the IL-ip 
+ 3953T [64]. 



Interleukin- 13 (IL-1 3) 

Targeted expression of IL-1 3 in the adult murine lung has been shown to cause 
emphysema. Two SNPs of Argl30Gln and C-1112T have been associated with dif- 
ferences in the plasma level of IL-1 3 and asthma phenotype. 



Genes involved in airway defense 

Cystic fibrosis transmembrane conductance regulator (CFTR) 

The CFTR protein forms a chloride channel at the apical surface of airway epithe- 
lial cells and is involved in the control of airway secretions. Over 1,000 mutations 
have been identified in the gene so far and they are classified into five classes based 
on the molecular alteration at the protein level [65]. Class 1 and class 2 mutations 
lead to complete absence, or an altered localization, respectively, of the CFTR pro- 
tein, thereby having the most dramatic effect on function: AF508, the most frequent 
of these disease-causing mutations, is an example of a class 2 mutation. Class 3 
mutations affect the regulatory domains of the CFTR protein or lead to production 
of CFTR with reduced chloride transport. Class 4 mutations reduce the ionic con- 
ductance of the chloride channel, and class 5 mutations lead to a reduced level of 
expression of a normal CFTR protein. IVS8, which is an example of a class 5 muta- 
tion, is a variable length thymine repeat in intron 8 of the CFTR gene. 
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Heterozygosity of AF508 has been found to be increased in patients who have 
disseminated bronchiectasis [66], and in patients who have “bronchial hypersecre- 
tion” [67]. The prevalence of AF508 was not increased in patients who had chron- 
ic bronchitis [66]. Studies of IVS8-5T as a risk factor for COPD have yielded con- 
flicting results [68, 69]. In one study, the IVS8-5T allele was found in one out of 12 
COPD patients compared with one out of 52 controls, which the authors report as 
a significant difference. The frequency of the Met allele of the Met470Val polymor- 
phism was increased in patients (71%) compared with controls (36%) [70]. How- 
ever, the Met470 variant is associated with increased CFTR chloride channel activ- 
ity compared with the Val variant [71] and therefore the reason for the association 
with COPD remains unclear. 



Defensins 

Defensins are small cationic peptides produced by inflammatory and structural tis- 
sue cells. They have broad spectrum antimicrobial activity and act as key effector 
molecules in innate immunity. SNPs in /3-defensin-l (hBD-1) were investigated in 60 
COPD patients and 213 controls; a genotype containing the 38Ile allele was 
observed in 15% of patients but only 2.8% of controls (OR = 6.1, 96% Cl = 2.0- 
18.3, p = 0.0012) [72]. 



Surfactant proteins (SPs) 

In addition to their role as modulators of lung surface tension, SPs play an impor- 
tant role in innate host defense. In one study the investigators analyzed the associa- 
tion of SP-A, SP-B, and SP-D SNPs as well as a SP-B-linked microsatellite marker 
with COPD. Several COPD susceptibility alleles (SP-A codon 62 A allele, SP-B 
nucleotide 1508C and SP-B-linked microsatellite D2S388_5) were identified as pos- 
sible susceptibility loci [73]. However, these observations need to be confirmed in 
larger studies. 



Mucin 

Mucus, derived from goblet cells and airway submucosal glands, covers the epithe- 
lial surface of the respiratory tract, preventing desiccation and providing lubrication 
and defense from bacteria and harmful enzymes. The MUC genes are highly vari- 
able due to different lengths of repeat sequences which code for the peptide anchor 
points for highly branched hydroscopic sugar molecules. The longer the repeat 
sequences the longer the MUC proteins and the larger the eventual mucous glyco- 
protein. Of the 12 mucin genes that have been characterized, longer MUC2 and 
MUC7*5 repeat alleles have been found to confer protection against the develop- 
ment of asthma [74, 75]. However, no study has been done in COPD. 
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The future of genetics of COPD 

In this chapter, we have reviewed methods of identifying susceptibility genes in com- 
plex diseases such as COPD, and briefly summarized the data implicating known or 
putative susceptibility genes for this disorder. The bulk of the studies have been case- 
control association studies in which only known genes can be tested. The results of 
these association studies have identified heterozygosity for a r AT, slow variants of 
microsomal epoxide hydrolase and deletion variants of glutathione transferases as 
likely susceptibility genes. However, many more candidate genes have been incon- 
sistently associated with COPD and their role in pathogenesis awaits larger and 
more powerful study designs. In the majority of investigations, only individual SNPs 
have been studied in and around a single candidate gene. Negative results do not 
rule out an association involving other nearby SNPs. Positive results do not mean 
the discovery of the causal SNP since the result may reflect linkage disequilibrium 
(LD) with a true causal SNP located some distance away [76]. Future genetic stud- 
ies of COPD should focus on large, well characterized cohort and case control 
designs, and especially on the performance of family or affected sib-pair analyses. 
Although it is difficult to perform family or affected sib-pair analysis in COPD, 
these studies do have the potential to identify novel disease-causing genes and to 
overcome the problems associated with population admixture. When the possibili- 
ty of population admixture exists, genomic controls or similar methods should be 
used in cohort and case-control studies to avoid false results. Much more precision 
of gene identification will be achieved by using more robust COPD phenotypes, 
including the separation of patients who have airway-predominant and parenchy- 
mal-predominant lesions. The use of large haplotype blocks of SNPs that are in link- 
age disequilibrium will allow more effective genome-wide association studies [77]. 
Finally, sophisticated study designs will allow the consideration of gene-gene and 
gene-environment interactions that are absolutely necessary to explore the complex 
pathophysiology of chronic obstructive pulmonary disease. 
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Introduction 

Chronic obstructive pulmonary disease (COPD) is a complex condition, that in- 
cludes different disease entities such as bronchiolitis, emphysema and chronic bron- 
chitis. Although the first mention of emphysema dates back to the early 17th Cen- 
tury, progress in our understanding of the pathology of this disease has been regret- 
tably slow. 

The relevance of the chronic inflammatory response to the development of 
COPD has only recently been appreciated and this notion has now been included in 
the disease definition [1]. In fact, COPD is defined as a disease state characterised 
by airflow limitation that is not fully reversible. The airflow limitation is usually 
both progressive and associated with an abnormal inflammatory response of the 
lungs to noxious particles or gases, the most common of which is tobacco smoke. 

The chronic airflow limitation characteristic of COPD is caused by a mixture of 
small airway disease (bronchiolitis) and parenchymal destruction (emphysema), the 
relative contributions of which vary from person to person. In fact, since expirato- 
ry flow is the result of a driving pressure that promotes flow (elastic recoil of the 
lung parenchyma), and of an opposing resistance that contrasts flow (obstruction of 
the airways), a reduction in flow can occur either by reducing the driving pressure 
or by increasing the resistance. In smokers, when pathological changes involve the 
small airways, they will contribute to airflow limitation by narrowing and obliter- 
ating the lumen and by actively constricting the airways, therefore increasing the 
resistance. Conversely, when pathological changes are localised in lung parenchyma, 
they will contribute to airflow limitation by reducing the elastic recoil of the lung, 
through parenchymal destruction, as well as by reducing the elastic load applied to 
the airways through destruction of alveolar attachments, therefore reducing the dri- 
ving pressure. 

In this chapter we will focus on pathological changes involving the small airways 
and lung parenchyma of smokers with COPD, in an attempt to enlighten the mech- 
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anisms through which such pathological changes can contribute to the development 
and the progression of airflow limitation in smokers. 



Pathology of small airways in COPD 

Even in the absence of an established airflow obstruction, cigarette smoking can 
induce an inflammatory reaction involving the entire tracheobronchial tree. In par- 
ticular, it has been demonstrated that young smokers who experienced sudden 
death outside the hospital have pathological lesions in their small airways [2]. 
These early lesions include an inflammatory infiltrate in the airway wall consisting 
predominantly of mononuclear cells and clusters of macrophages in the respirato- 
ry bronchioles. These results support the idea that early structural changes may 
occur in peripheral airways of smokers before COPD is established, probably rep- 
resenting a non-specific response of airways to injury in general. Although the 
majority of smokers develop a chronic, non-specific airway inflammation, for 
unknown reasons only some smokers develop overt airflow limitation. The sus- 
ceptibility factors for the development of COPD are still poorly understood and 
may involve both genetic traits (i.e., polymorphisms in pro-inflammatory cytokines 
and genetic control of the balance of helper and cytotoxic T lymphocytes) and envi- 
ronmental conditions triggering or maintaining the disease (i.e., viral infections and 
pollutants) [3]. 

In these “susceptible” smokers the inflammatory response designed to protect 
the lung from the injury of cigarette smoke progresses unrestrictedly and eventual- 
ly becomes noxious to the structures it was intended to defend. An abnormal infil- 
tration of CD 8 T lymphocytes is a key hallmark of COPD pathology, and has been 
reported in both large and small airways, in alveolar walls and in pulmonary arter- 
ies of smokers with COPD [4-6]. In all these lung compartments, CD 8 T lympho- 
cytes not only increase in number, but are also inversely related to the degree of air- 
flow limitation, suggesting that CD 8 T lymphocytes may play a role in the devel- 
opment of airflow limitation in smokers. 

To better characterize the nature of the inflammatory response present in COPD, 
the pattern of cytokine profile and chemokine receptor expression has recently been 
investigated [7]. A current paradigm in immunology is that the nature of an immune 
response to an antigenic stimulus is largely determined by the cytokines produced 
by activated T cells. Type-1 T cells express cytokines, such as interferon y (IFN-y), 
crucial in the activation of macrophages and in the response to viral and bacterial 
infections, whereas type-2 T cells express cytokines, such as interleukin (IL)-4 and 
IL-5, involved in Ig-E mediated responses and eosinophilia characteristic of allergic 
diseases [8]. It has recently been shown that the CD8 + T cells infiltrating the periph- 
eral airways in COPD produce IFN-y and express CXCR3 [7], a chemokine recep- 
tor that is known to be preferentially expressed on type 1 cells [9]. Moreover 
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CXCR3 expression is paralleled by a strong epithelial expression of its ligand 
CXCL10, suggesting that the CXCR3/CXCL10 axis may be involved in the recruit- 
ment of type-1 cells in peripheral airways of smokers with COPD. 

Along with the progression of chronic airflow limitation, the inflammatory 
process is associated to the appearance of structural abnormalities in peripheral air- 
ways. These structural changes (also referred to as remodelling) include goblet cell 
hyperplasia and squamous metaplasia in the epithelium, as well as increased airway 
smooth muscle and fibrosis in the airway wall [10]. Airway wall fibrosis and 
increased smooth muscle can profoundly affect the mechanical properties of the 
small airways, promoting airway narrowing. Moreover, inflammation and remodel- 
ling of small airways, by increasing the thickness of the airway wall, may facilitate 
uncoupling between airways and parenchyma, therefore causing airway closure [11, 
12]. The inflammatory cells infiltrating the airway wall could also contribute to the 
destruction of alveolar attachments, i.e., the alveolar walls directly attached to the 
bronchiolar wall. Indeed, the hypothesis that airway inflammation may play a role 
in this destructive process is supported by the observation that destruction of alve- 
olar attachments is correlated with the degree of peripheral airway inflammation in 
smokers [13]. 

The role of peripheral airway remodelling in the development of airflow limita- 
tion characteristic of COPD is highlighted by the pioneering observation of Hogg 
and co-workers, who first demonstrated that peripheral airways are the major site 
of increased resistance in the lungs of smokers [14]. As reviewed in this section, 
pathological changes in small airways contribute to airflow limitation either by 
increasing the thickness of the airway wall or by decreasing the interdependence 
between airways and parenchyma, especially through the destruction of alveolar 
attachments. 



Pathology of lung parenchyma in COPD 

As pointed out earlier, small airway disease (bronchiolitis) and parenchymal 
destruction (emphysema) are both important hallmarks of COPD. In particular, 
emphysema can contribute to the development of airflow limitation by reducing the 
elastic recoil of the lung, which decreases the intra-alveolar pressure that drives 
exhalation. Emphysema is defined anatomically as a condition of the lung charac- 
terized by permanent abnormal enlargement of the respiratory airspaces, accompa- 
nied by destruction of their walls without obvious fibrosis [15]. However, the pres- 
ence of fibrosis in emphysema is currently a matter of debate, and this part of the 
definition should probably be rephrased. In fact, in emphysematous lungs, collagen 
content appears to be increased and microscopic fibrosis is present [16, 17], possi- 
bly as a consequence of an attempt of the surrounding tissue to repair emphysema- 
tous lesions [18]. 
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Smokers can develop two main morphological forms of emphysema, that can be 
distinguished according to the region of the acinus involved. Centriacinar (or cen- 
trilobular) emphysema is characterised by focal destruction restricted to respiratory 
bronchioles and to the central portions of the acinus, surrounded by areas of nor- 
mal lung parenchyma. In this form of emphysema, pathological lesions occur more 
frequently in the upper lobes of the lung. Panacinar emphysema is characteristic of 
patients who develop emphysema relatively early in life, and is usually associated 
with deficiency of a a -antitrypsin, which normally protects the respiratory region by 
forming a highly effective anti-elastase screen. This form of emphysema occurs more 
frequently in the lower lobes than in the upper ones and involves destruction of the 
alveolar walls in a fairly uniform manner. The most common type of parenchymal 
destruction in smokers is centriacinar emphysema, but also the panacinar form can 
be observed. 

Centriacinar and panacinar emphysema have distinct functional properties and 
peripheral airway involvement. The panacinar form is characterized by a higher 
compliance, while the centriacinar form by a higher degree of hyperreactivity and 
airway inflammation. It is conceivable that the inflammatory process present in 
peripheral airways of smokers could favour centriacinar destruction and the conse- 
quent development of airflow obstruction observed in centriacinar emphysema. By 
contrast, in panacinar emphysema, airflow obstruction seems to be due mainly to 
loss of elastic recoil and to have little relation to peripheral airway inflammation 
[19, 20]. 

The pathogenesis of parenchymal destruction remains enigmatic although a 
mechanism involving a protease-antiprotease imbalance is widely supported. This 
hypothesis is based on the observation that activated inflammatory cells release 
proteases which, overwhelming local antiprotease activity, can destroy lung 
parenchyma. Smoking promotes an inflammatory reaction characterised by an 
increase in neutrophils and macrophages, that are potential sources of proteases 
that can damage lung cells and degrade the interstitium (e.g., elastin, collagen, pro- 
teoglycans). The molecular mechanisms responsible for this event are now starting 
to become clear. In particular, it has recently been shown that macrophages, 
through the release of matrix metalloprotease (MMP)-12 and TNF-a, can selec- 
tively recruit large numbers of neutrophils, which can degrade elastin and collagen 
fibers [21, 22]. However, since many cigarette smokers do not develop significant 
lung destruction despite a striking inflammatory process, the protease-antiprotease 
hypothesis may not fully explain the loss of lung tissue in cigarette smoking- 
induced emphysema. 

In COPD, parenchymal destruction is associated with the presence of an inflam- 
matory process in the alveolar walls [23, 24], which consists predominantly of T 
lymphocytes, particularly CD8 + T lymphocytes [6, 25]. Traditionally, the major 
activity of CD8 + cytotoxic T lymphocytes has been considered the rapid resolution 
of acute viral infections, and viral infections are a frequent occurrence in patients 
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with COPD [4]. The observation that people with frequent respiratory infections in 
childhood are more prone to develop COPD supports the role of viral infections in 
this disease [26]. It is conceivable that, in response to repeated viral infections, an 
excessive recruitment of CD8 + T lymphocytes may occur and damage the lung in 
susceptible smokers, possibly through the release of TNF-a and perphorins [27]. On 
the other hand, it is also possible that CD8 + T lymphocytes are able to damage the 
lung even in the absence of a stimulus such as viral infection, as shown by Enelow 
and co-workers [28], who clearly demonstrated that recognition of a lung 
“autoantigen” by T cytotoxic cell may directly produce a marked lung injury. Tak- 
ing into account these findings, it can be hypothesised that the CD8 + cytotoxic T cell 
accumulation observed in COPD could be a response to an “autoantigenic” stimu- 
lus induced by cigarette smoking, possibly during the process of breakdown of 
matrix components [25, 29]. 

The observation that CD8 + T cells are increased in lung parenchyma of smokers 
with COPD and are correlated with the degree of airflow obstruction is intriguing 
and supports the notion that tissue injury may be dependent on T cell activity [4, 
29]. One of the most important consequences of the effects of cytotoxic CD8 + T 
lymphocytes is the apoptosis of target cells, and it would not be surprising if apop- 
tosis plays a role in the destruction of lung tissue in patients with emphysema. Majo 
and co-workers [25] have reported that, in smokers with emphysema, both the 
degree of apoptosis and the number of CD8 + T cells in the alveolar walls increase in 
parallel with the amount of cigarette smoke inhaled. Moreover Kasahara and co- 
workers demonstrated that the destruction of lung tissue in emphysema may involve 
accelerated apoptosis of endothelial and epithelial cells through a mechanism depen- 
dent on vascular endothelial growth factor (VEGF) [30]. It can therefore be hypo- 
thesised that cytotoxic CD8 + T lymphocytes may participate, along with neutrophils 
and macrophages, in the destruction of the lungs by inducing apoptosis of structur- 
al cells. 

The inflammatory process initiated by cigarette smoking advances unrestricted- 
ly as airflow limitation progressively worsens, reaching its climax in end stage dis- 
ease, where a dramatic amplification of the inflammation has been reported. Reta- 
males and colleagues were the first to examine lung pathology of living patients with 
severe emphysema [31], reporting an increase in the intensity of the inflammatory 
response in these subjects. Essentially, in smokers with severe emphysema, all 
inflammatory cells types (i.e., macrophages, neutrophils, CD4 + and CD8 + T lym- 
phocytes) were increased in the alveolar walls and alveolar spaces [31]. In a recent 
study we extended these findings by demonstrating that, when the disease progress- 
es towards a very severe stage, there is an amplification of the inflammatory 
response even in the peripheral airways. This enhanced airway inflammatory 
process is correlated with the degrees of airflow limitation, lung hyperinflation, CO 
diffusion impairment and radiologic emphysema, suggesting a role for this inflam- 
matory response in the clinical progression of the disease [32]. 
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Reversibility of pathological lesions 

In view of the worldwide increasing prevalence of COPD it is crucial and urgent to 
identify strategies that may halt the progression of the disease. The question whether 
interventional approaches (i.e., smoking cessation, use of anti-inflammatory drugs) 
may reverse the pathological lesions present in COPD is still debated, and only a few 
studies performed a direct assessment of airway inflammation after quitting smok- 
ing or after anti-inflammatory therapy. 

Although smoking cessation is the only intervention proven to modify the pro- 
gressive decline of lung function, quitting smoking does not appear to result in res- 
olution of the airway inflammatory response [33, 34]. This suggests that there are 
perpetuating mechanisms that maintain the chronic inflammatory process charac- 
teristic of COPD, once it has become established [35]. 

The role of pharmacological interventions in modifying the natural history of 
COPD is still debated. Long-acting (3-agonists improve lung function and health 
status in COPD patients and reduce exacerbations [36, 37]. Recent studies have 
shown that, in COPD patients, inhaled corticosteroids have no influence on long- 
term decline in lung function [38], although they can reduce the incidence of exac- 
erbations [39]. A possible explanation for the effectiveness of corticosteroids in the 
exacerbations of COPD is the finding that the pattern of bronchial inflammation 
changes during an exacerbation, showing a prominent airway eosinophilia [40, 
41]. The idea that eosinophilic inflammation is a marker for responsiveness to cor- 
ticosteroids is supported by the observation that airway eosinophilia is present in a 
subgroup of patients with COPD who improve their pulmonary function in 
response to a short course of steroids [42, 43]. Moreover, a recent report showed 
that corticosteroids reduced the number of mast cells in biopsies of COPD patients, 
and this reduction was paralleled by a decrease in the exacerbation incidence [44]. 
These findings suggest the presence of a subgroup of patients with COPD charac- 
terised by “asthmatic features”, i.e., eosinophil and mast cell infiltration, who are 
responsive to corticosteroids. It is therefore conceivable that corticosteroids may be 
effective on the pattern of inflammation characteristic of asthma, driven by CD4 T 
lymphocytes, eosinophils, and mast cells, but not on that characteristic of COPD, 
driven by CD8 T lymphocytes, macrophages and neutrophils. Only when COPD 
subjects show “asthmatic features”, corticosteroid therapy may be worth consider- 
ing. 

It would seem reasonable to think that, while lesions such as airway inflamma- 
tion could be potentially reversible, lesions such as parenchymal destruction and 
fibrosis may be not. In recent years a renewed interest has emerged towards strate- 
gies directed at the restoration of the lost alveolar surface area in emphysema. 
Retinoids have received considerable attention as alveolar morphogens and as 
potential therapeutic agents, especially because retinoic acid was able to reverse the 
emphysematous lesions induced by intratracheal administration of elastase in rats 
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[45]. Nevertheless, given the different mechanisms of lung development in rats and 
humans, more studies are needed to establish the clinical utility of retinoids in the 
treatment of human emphysema. 
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Introduction 

Chronic obstructive pulmonary disease (COPD) is characterised by gradual pro- 
gression of respiratory disability from symptoms that are merely irritating, such as 
a morning cough, through to breathlessness on minimal exertion, ventilatory failure 
and death. Physiology is relevant at both extremes of this spectrum though the pur- 
pose changes. Specifically for patients in an early stage of disease physiological tech- 
niques may be used to diagnose the condition. Early diagnosis allows rational 
focussing of smoking cessation therapies as well as, in the future, the possible pre- 
scription of disease modifying agents. For patients with advanced disease, agents 
that modify the course of the disease are likely to have limited value even if they are 
effective in patients with early disease; however it is in these patients that an under- 
standing of physiological mechanisms may allow the prescription of novel non- 
pharmacologic therapies such as lung volume reduction surgery. 



Physiological techniques for diagnosis and assessment in COPD 

Forced expiratory volume in 1 second (FENA,) 

Spirometry is simple and the most useful technique for diagnosing and monitoring 
the progression of COPD [1]. The subject exhales from total lung capacity and vol- 
ume expired with time is recorded [2]. Analysis of the expired volume versus time 
curve allows the FEV! (forced expiratory volume in 1 second), the forced vital 
capacity (FVC) and the FEVyFVC ratio to be derived [3]. Figure 1 illustrates a nor- 
mal expired volume versus time curve and those found in mild COPD (panel b) and 
more serious disease (panel c). COPD is defined as: “a chronic, slowly progressive 
disorder characterised by airway obstruction which does not change markedly over 
several months. The impairment of lung function is largely fixed but is partially 
reversible by bronchodilator or other therapy” [1], 
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Figure 1 

A. Expiratory volume versus time curve obtained by spirometry in a normal subject 

B. Expiratory volume versus time curve in a subject with mild COPD. The FEV^/FVC ratio 
has fallen to 67%. 

C. The expiratory volume versus time curve in a subject with severe COPD. The FEV^/FVC 
ratio is now only 22% indicating very marked airways obstruction. 
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Figure 7 (continued) 



An FEVj/FVC ratio of less than 70% is diagnostic of airways obstruction. 
Reversibility can be assessed by giving a bronchodilator such as 400 micrograms of 
a p 2 " a 8 or d st or 80 [xg of an anticholinergic [4, 5], An FEVj of less than 80% pre- 
dicted at 30 minutes post-bronchodilator confirms that airways obstruction is not 
fully reversible while an increase in FEVj of 200 mis or 12% above pre-bron- 
chodilator level is considered to show significant reversibility [6, 7]. 

The FEVj is a highly reproducible test and is used to monitor disease progres- 
sion. It can also be used to assess disease severity as shown in Table 1 [1], 

This classification is of use in making treatment decisions. FEVd is favoured as a 
monitoring tool to assess progression of the condition as, although the FEVj/FVC 
ratio is useful in diagnosis, the FEV 1 is more reproducible than FVC. Some patients 
with obstructive lung disease also have a reduced VC because of co-existent disease 
(most commonly obesity) and a FEVj/VC ratio >70% does not preclude COPD. 



Peak expiratory flow 

The peak expiratory flow is the maximum flow rate obtained during a forced expi- 
ration starting from total lung capacity. It is easily measured on a readily available 
and portable meter. However, it is effort-dependent which affects its reproducibility 
and in COPD often underestimates the degree of airflow limitation [8], This is 
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Table 1 - GOLD classification of COPD 


Disease stage 


Characteristics 


0: At risk 


Normal spirometry 

Chronic symptoms (cough, sputum production) 


1: Mild COPD 


FEV^FVC < 70% 

FEV 1 > 80% predicted 

With or without chronic symptoms (cough, sputum production) 


II: Moderate COPD 


FEV^FVC < 70% 

30% < FEV-, < 80% predicted 
(IIA:50% < FEV 1 < 80% predicted) 

(MB: 30% < FEV 1 < 50% predicted) 

With or without chronic symptoms (cough, sputum production) 


III: Severe COPD 


FEV^FVC < 70% 

FEV 1 < 30% predicted or FEV 1 < 50% predicted plus 
respiratory failure or clinical signs of right heart failure 



explained by the airflow versus volume curve for COPD (Fig. 2). The peak expira- 
tory flow occurs during the first 100 ms of expiration. In severe COPD this early 
flow is comparatively preserved but then pressure-dependent airways collapse lead- 
ing to a rapid falling off in flow. This is illustrated in Figure 2, which compares the 
smooth normal flow/volume loop with that for COPD. The COPD curve has two 
distinct phases: during the early stages of expiration flow is slightly reduced com- 
pared with normal; however, later in expiration, the intrapleural pressure exceeds 
that holding the airways open and they collapse. This is due to a reduction in the 
static recoil pressure of the lung resulting from parenchymal destruction [9], This 
gives the flow/volume loop of COPD its characteristic “steepled” shape and causes 
a dramatic reduction in flow during the later stages of expiration. 



Lung volume assessments 

Inert gas techniques 

There are two methods both making use of inert gases, which are commonly used 
to assess lung volumes. These allow measurement of a number of different indices: 
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The total lung capacity (TLC) which is the volume of gas within the lungs at 
maximum inspiration occurring when the outward pull generated by the inspi- 
ratory muscles balances the combined inward recoil of the lungs and chest wall. 
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Figure 2 

The flow volume loops of a normal subject (dotted line) and a subject with COPD (contin- 
uous line) showing the characteristic steepled shape caused by pressure dependent airways 
collapse. 



- The functional residual volume (FRC) or volume of air remaining in the lungs 
after a quiet expiration. This represents the mechanically neutral position of the 
chest with complete relaxation of the respiratory muscles. At this point, theoret- 
ically the inward recoil of the lung is balanced by the outward pressure exerted 
by the chest wall. In fact patients with advanced COPD may never reach true 
FRC because exhalation is interrupted by the subsequent inspiration [10] and in 
such patients the correct physiological term is end-expiratory lung volume. The 
residual volume (RV) is the volume of air remaining after a maximal expiration 
or the point at which the inward force generated by expiratory muscles and lungs 
balances the outwards recoil of the chest wall. 

The relationship between these volumes is illustrated by Figure 3. In COPD, partic- 
ularly if there is significant emphysema, lung volumes are often abnormal. COPD 
often leads to an increase in TLC, FRC and RV and the RV/TLC ratio which is less 
than 30% in young adults with normal lungs but can be greater than 40% due to 
increased lung compliance and reduced lung recoil pressure [11]. There is little evi- 
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Figure 3 

Spirometric trace illustrating the relationships between the commonly measured static lung 
volumes. RV f residual volume; FRC, functional residual volume; ERV, expiratory reserve vol- 
ume; TLC r total lung capacity; IRV, inspiratory reserve volume. 



dence that routine assessment of lung volumes in COPD is useful, however, it is does 
allow assessment of hyperinflation and is important if lung volume reduction 
surgery is considered [12]. 

Lung volumes can be measured using either the nitrogen washout or helium dilu- 
tion techniques [2] . Both rely on the fact that at constant temperature the product 
of the concentration and volume of a gas is also constant. The nitrogen washout 
method uses the nitrogen already present in air as the inert indicator gas. The sub- 
ject breathes oxygen for 7-10 minutes and the exhaled gases are collected. The func- 
tional residual capacity (FRC) is computed using the formula: 

C1V1 = C2V2 

where Cl is the initial nitrogen content of exhaled gas which is assumed to be that 
of air, VI is the FRC, C2 the final nitrogen content of the exhaled gas and V2 the 
total volume of exhaled gas. Alternatively the nitrogen content of the exhaled gas 
can be calculated second-by-second using a continuous measuring device in the 
mouthpiece. Calculating FRC involves rather more complicated calculations using 
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this method but it has the advantage of giving some indication of non-uniform ven- 
tilation of alveoli [2]. 

The helium dilution technique uses added helium as the indicator gas. The air 
within the lungs is allowed to equilibrate with air containing a known small con- 
centration of helium. Practically the patient is asked to breath through a closed 
spirometer of known volume containing a known concentration of helium. The end 
point is reached when the helium concentration falls by <0.02% in 30 seconds. In 
an individual with normal lungs this takes 5-10 minutes. However, in COPD equi- 
libration occurs far more slowly. This means it can take a considerable time to reach 
this point. This is a disadvantage of this method. The final concentration of the heli- 
um in the spirometer allows calculation of the volume of the lungs at the time the 
subject is connected to the circuit. Usually this is chosen to be FRC but a correction 
factor for the volume of the apparatus and anatomical dead space has to be includ- 
ed. At the end of the procedure the subject is asked to inspire as far as possible. The 
value obtained is added to the FRC measurement to give TLC [2]. In COPD this 
method tends to underestimate lung volumes because poorly ventilated areas of the 
lung due to airway distortion, bullae and poorly communicating alveoli equilibrate 
much more slowly with the inhaled gas than normally ventilated lung. However the 
difference between alveolar volume so determined and the plethysmographic TLC 
(vide infra) may give insight into the magnitude of gas trapping. 



Lung volumes - plethysmographic 

A second approach to measuring lung volumes is to use plethysmography. This 
technique is based on Boyles Law that at constant temperature, the product of the 
pressure of the gas and its volume is constant. The subject sits in a sealed box and 
makes gentle inspiratory efforts against a closed shutter at the mouthpiece. The 
shutter ensures no movement of gas out of the lungs. A reduction of gas pressure 
in the lungs increases their volume which in turn increases the gas pressure in the 
box. Thus box pressure is proportional to lung volume [2]. This method allows 
determination of functional residual volume (FRC), and other lung volumes can 
be derived from this by a range of inspiratory and expiratory manoeuvres. This 
method is more accurate than the inert gas techniques for assessing lung volumes 
in COPD as it does not rely on ventilation and also has the advantage of being 
rapidly performed. However, it requires very expensive equipment which needs 
highly skilled operators and also requires a high degree of patient co-operation. 
Also, this method assumes pressure changes measured at the mouth and changes 
in alveolar pressure are identical. This assumption is less likely to be true in those 
with COPD and the difference is greater with increasing severity of airways 
obstruction. This will lead lung volumes to be over-estimated. The box measures 
all changes in gas pressures occurring in the body. This includes intestinal as well 
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as thoracic gas. Again this will tend to lead lung volumes to be over-estimated. A 
combination of an inert gas technique together with whole body plethysmography 
will give the best overall assessment of lung volumes in COPD. 



Carbon monoxide gas transfer 

The carbon monoxide gas transfer (TLCO or DLCO) is a measure of the ease with 
which carbon monoxide moves from the alveoli across the alveolar membrane to 
become attached to haemoglobin. It is used as a method of assessing gas exchange 
by the lung. It is measured in a number of ways: 

- Single breath method [13] - The subject breathes in rapidly from RV to TLC i.e., 
a vital capacity breath from a reservoir bag containing air together with a small 
known concentration of carbon monoxide and helium which acts as a reference 
gas. The breath is then held for approximately ten seconds and the subject 
exhales rapidly back to RV. The first 750 mis of exhaled gas is discarded as this 
contains gas derived from the anatomical dead space. The next 500 mis of gas is 
analysed for the levels of helium and carbon monoxide. The difference in these 
concentrations compared with the initial concentrations allows the amount of 
carbon monoxide which has passed across the alveolar membrane and become 
irreversibly bound to haemoglobin to be calculated. From this, together with the 
breath hold time and volume of expired gas, the TLCO can be calculated [2]. 

- Constant exhalation method [14] - As in the single breath method the subject 
inhales a vital capacity breath from a reservoir bag containing carbon dioxide 
and a reference gas, usually methane. From maximal inspiration the subject 
exhales slowly against a fixed resistance. The carbon monoxide in exhaled gas is 
analysed at a rate of 31 times a second by an infra red sensor. 

- Rebreathing method - The subject breathes in and out from a reservoir bag con- 
taining known concentrations of carbon dioxide and the reference gas sulphur 
hexafluoride. Exhaled gases are monitored continuously using a mass spectro- 
meter. 

The carbon monoxide transfer factor depends on the conductance of the gas across 
the alveolar membrane and into the red cell followed by its combination with 
haemoglobin. This is influenced by the alveolar oxygen concentration as this com- 
petes with carbon monoxide for binding to haemoglobin and the haemoglobin con- 
centration. Membrane conductance depends on the surface area available for gas 
diffusion and on the integrity of the alveolar membrane and its interaction with the 
capillary. In COPD the transfer factor is frequently reduced. Emphysema leads to 
significant destruction of pulmonary capillaries and a reduction in the surface area 
available for gas transfer due to the formation of poorly ventilated areas such as bul- 
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lae. Smoking means that under normal conditions the subject will have an increased 
blood concentration of carbon monoxide. This will reduce the diffusion gradient by 
which carbon monoxide moves in to the blood hence reducing transfer and leading 
to a lower calculated transfer factor. 

Measurement of the transfer factor for carbon dioxide is not a routinely per- 
formed test in COPD but it is very useful if lung volume reduction surgery is con- 
sidered. There is evidence that the pre-operative TLCO predicts how successful lung 
volume reduction surgery will be. A TLCO of less than 20-30% predicted is asso- 
ciated with increased mortality [12, 15]. 



Advanced physiologic techniques; findings and implications for therapy 

Static pressure volume curves 

The normal relationship between pressure and volume for the relaxed respiratory 
system is sigmoid in shape [16], so that at the middle portion (around FRC) small 
changes in pressure result in large changes in volume. The pressure volume proper- 
ties of the respiratory system are the sum of the properties of the lung and chest wall 
and these may be distinguished in vivo by measuring the pressure both at the mouth 
and in the oesophagus so that the chest wall pressure is the oesophageal pressure 
and the lung pressure is the transpulmonary pressure (i.e., mouth minus 
oesophageal pressure). Static compliance (whether lung, chest wall or respiratory 
system) is the change in volume divided by the change in pressure observed in mov- 
ing between two points on this curve and by convention is usually measured over 
the linear portion above FRC, during expiration. 

Pressure volume curves are easier to measure in anaesthetised paralysed subjects 
because one can then be certain that the observed pressures are not influenced by 
muscle activation. However, with care [17], pressure volume curves can be mea- 
sured in unanaesthetised naive patients with COPD. The classic abnormality in 
emphysema is a reduction in lung recoil pressure and it is this that leads to the rise 
in lung volumes characteristic of the condition. Compliance has been measured after 
few interventions in patients with COPD because it is difficult to measure. Howev- 
er, a return towards normal has been shown in emphysematous patients after [3 2 
agonists and smoking cessation [18] and in those undergoing lung volume reduction 
surgery [19, 20] (Fig. 4). 



Inspiratory capacity /dynamic hyperinflation 

When patients with advanced COPD exercise flow limitation occurs [21]. If such a 
patient cannot expire the previously inhaled tidal volume before the next inspiration 
then dynamic hyperinflation (i.e., an increase in end-expiratory lung volume) will 
occur progressively as exercise continues. The magnitude of dynamic hyperinflation 
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Figure 4 

Lung recoil pressure from a 64-years-old woman before and three months after lung volume 
reduction surgery. The pressure volume curve for the normal lung is shown for comparison. 
Data from Sciurba et al. [19]. 



may be of the order of a litre [22]. Presently end-expiratory lung volume (EELV) is 
difficult to measure in absolute terms, although new techniques, such as opticoelec- 
tric plethysmography [23], could facilitate this. However because total lung capac- 
ity (TLC) remains constant even during exercise in COPD [24], then reductions in 
inspiratory capacity (the difference between TLC and EELV) are a good measure of 
dynamic hyperinflation [25]. 

Using this technique a reduction in dynamic hyperinflation has been demon- 
strated to be an important determinant of exercise performance in patients with 
COPD [26]. Reduction in dynamic hyperinflation may be achieved using oxygen 
[27], bronchodilators [28] and lung volume reduction surgery [29]. 



Negative expiratory pressure 

The negative expiratory pressure (NEP) technique is an ingenious method to detect 
flow limitation recently developed by Koulouris et al. [30]. The essence of the tech- 
nique is that a small sub-atmospheric pressure (~5 cm H 2 0) applied at the mouth 
causes a flow increase in patients who are not flow limited (Fig. 5). Using this tech- 
nique it is possible to more precisely determine flow limitation. 
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Figure 5 

Example of traces obtained using the NEP technique in a patient with COPD. Increased flow 
following the application of negative pressure (between arrows) is visible at rest but not dur- 
ing exercise (right two panels). Reproduced from Koulouris et al. [52], with permission. 



Respiratory muscle function 

Because patients with COPD have hyperinflation, shortening of the inspiratory mus- 
cles occur. In respiratory muscle, as with other skeletal muscles, shortening is asso- 
ciated with a reduction in tension-generating ability and therefore it is not unex- 
pected that inspiratory muscle pressures are reduced in patients with COPD [31]. 
Whether the diaphragm (as the most important and most shortened inspiratory 
muscle) is weaker than would be expected given the observed hyperinflation is more 
controversial (e.g., [32, 33]); however it is clear that the diaphragm undergoes a 
switch in fibre type towards more Type I fatigue resistant fibres [34] and that this is 
probably partially responsible for the observed fatigue resistance in these patients 
[35, 36]. 

The effect on diaphragm function of a variety of pharmacological interventions 
has been evaluated in COPD including p 2 agonists [37-39], methylxanthmes [40] 
and digoxin [41]. No convincing evidence for improvement in inspiratory muscle 
strength other than those mediated by lung volume change has been observed. 

Inspiratory muscle training has also been advocated as a means of improving 
inspiratory muscle strength in COPD. Although the use of an inspiratory muscle 
trainer can result in both normal subjects [42, 43] and patients with COPD [44, 45] 
achieving a more forceful maximal static mouth pressure, there is dispute as to how 
this effects. Proponents of inspiratory muscle training consider the effect to be medi- 
ated by muscle hypertrophy in response to training. However another possibility is 
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either a placebo effect or, alternatively, an alteration in cortical excitability confer- 
ring better performance in the maximal static mouth pressure test [46]. This point 
of view is supported by the lack of improvement in non-volitional measures of 
diaphragm strength following inspiratory muscle training [43]. 

Lung volume reduction surgery [47, 48] and lung transplantation [49] confer 
volume mediated improvements in diaphragm strength. The exact magnitude of 
functional improvement following LVRS remains to be determined as does the 
issue of whether diaphragm function could improve patient selection for this pro- 
cedure. 



Sleep hypoxaemia 

Significant hypoxaemia during the day (generally < 7.3 kPa) confers a poor progno- 
sis in COPD, which can be partially reversed by continuous supplemental oxygen 
therapy [50]. Similarly nocturnal hypoventilation in COPD confers a worse prog- 
nosis unless treated with supplemental oxygen [51]. Identification of sleep hypox- 
aemia is relatively straightforward using oximetry alone but these traces frequently 
fail to differentiate between obstructive events or hypoventilation. This distinction 
may be clinically important when deciding which form of ventilatory support (con- 
tinuous positive airways pressure (CPAP), or non-invasive ventilation (NIV)) is most 
appropriate. One approach to resolving this is polysomnography but this may be 
expensive and alternative is to measure transcutaneous nocturnal carbon dioxide 
(C0 2 ). 



Conclusions 

New therapies are appearing for patients with COPD at the start and finish of their 
illness. While creative strategies are required to develop new approaches we believe 
that assessment of their efficacy can only be achieved through careful physiological 
measurement which requires fitting the best physiological test to the postulated 
method of action. 
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Introduction 

Structural information about the lungs has been obtainable for over one hundred 
years through imaging techniques. Cross-sectional computed tomography (CT) pro- 
vides a great advance over conventional radiography, since it avoids the inevitable 
superimposition of structures that occurs with a projectional image, and CT allows 
resolution of structures as small as 200 \xm. The digital nature of CT data also per- 
mits objective assessment of respiratory diseases including COPD. Sophisticated 
computer software has allowed the development of image processing techniques 
that may improve detection and quantification of COPD (Fig. 1). The development, 
over the past decade, of volumetric acquisition with spiral CT and 3D image recon- 
struction is an exciting development, the full value of which is only just being 
exploited. It is becoming apparent that CT can also be used to provide functional 
data, for example, looking at changes in airway calibre in response to drugs. An 
exciting development is that CT has been demonstrated to show very early smok- 
ing-related lung damage, and may be of use in monitoring resolution of such 
changes in response to treatment. 



Plain chest radiography 

Chest radiographs have not been found to be particularly useful in the diagnosis of 
smoking related lung disease. Abnormalities are readily detected when the disease is 
advanced, but changes in mild to moderate COPD tend to be subtle, and may be the 
vague “dirty CXR” of increased lung markings. These markings may consist of 
bronchial wall thickening and increased vascular markings, due to the presence of 
pulmonary hypertension. It has been suggested that this pattern correlates with 
chronic bronchitis, however many bronchitics have normal chest radiographs, and 
increased markings do not consistently represent disease [1]. 
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Figure 1 

A. Principle of spiral (helical) CT. This modern form of CT facilitates three-dimensional imag- 
ing of airways , parenchyma and vessels through continuous scanning while the patient is 
moved through the CT gantry 

8. CT measures the attenuation of X-rays in Hounsfield Units (HU). The dimension of a voxel 
is in terms of length by width by thickness. 



Changes due to emphysema manifest as hyperinflation and loss of vascular 
markings. Hyperinflation is demonstrated by flattened hemidiaphragms, a narrow 
cardiac silhouette, increased lung volumes and an increased retrosternal airspace on 
lateral view. Clinico-pathological correlations have provided varying results, with 
detection rates of emphysema on CXR between 65-80%, largely depending on the 
criteria used to make the radiological diagnosis. Sensitivity is improved when signs 
are used that indicate hyperinflation, as well as signs showing deficiency in the vas- 
cular pattern [2, 3]. 



Technical aspects 

Multiple X-rays are passed through the patient in a fan-shaped beam, as the CT 
gantry makes a 360° rotation, and are detected on the opposite side of the patient 
(Fig. 1). Production of CT images depends on variable absorption (attenuation) 
of X-rays by different densities of tissue. An attenuation value is calculated for 
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each defined volume of tissue (voxel), which corresponds to a pictorial element 
of the CT image (pixel). Attenuation values are expressed in Hounsfield units 
(HU). The value 0 corresponds to the attenuation of X-rays in water, whilst 
-1000 corresponds to the attenuation of X-rays in air (where they are absorbed 
least). Tissue more dense than water has an attenuation value of up to +3000 
HU. 

Conventional CT images display information as cross-sectional slices. The X-ray 
beam is collimated (focused) in 10 mm sections in the transverse plane. High reso- 
lution CT (HRCT) refers to scans acquired using thinner sections, usually 1 mm col- 
limations taken at 10 or 20 mm intervals. This technique has the advantage of 
allowing visualisation of the lung parenchyma in much greater detail than is possi- 
ble with conventional CT. 

The development of CT technology over the past decade means that data from 
the entire volume of the thorax can be now be acquired in a single breath hold. The 
gantry of a “spiral” CT scanner rotates around the patient, and multiple detectors 
enable the rapid acquisition of data. Image processing techniques (multi-planar 
reformation) allow the presentation of images in any plane. 



CT features of COPD 

CT has been employed to identify the large range of airway, parenchymal and vas- 
cular pathology that may be present in COPD (see Table 1). 



Emphysema 

CT features of emphysema include decreased lung density (“black lung”), pul- 
monary vascular pruning and distortion and evidence of bulla formation [4]. Cen- 
trilobular, or smoking-related emphysema is characterised by areas of hypoattenua- 
tion, less than 1 cm in diameter detected at the centre of the secondary pulmonary 
lobule (Fig. 2). The areas of hypoattenuation do not have visible walls in contrast 
to cystic conditions. Another distinguishing feature is that centrilobular emphyse- 
matous lesions usually have an arteriole at the centre of the affected area. Cen- 
trilobular emphysema is most extensive in the upper lobes. In advanced cases, wide- 
spread damage is detected as larger areas of hypoattenuation without intervening 
normal lung tissue. 

Panlobular emphysema, in -antiprotease deficiency, predominantly affects the 
lower lobes. Uniform destruction of the pulmonary lobule is detectable as wide- 
spread areas of decreased lung density. The more rare paraseptal emphysema affects 
the distal part of the secondary pulmonary lobule, and is seen as areas of hypoat- 
tenuation adjacent to the pleura and septae. 
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Table 1 - Computed tomography (CT) features and corresponding lung pathology in COPD 



CT feature 


Pathophysiology 


Bronchial wall thickening 


Chronic bronchitis 



Respiratory bronchiolitis with 
interstitial lung disease (RBILD): 
Inflammation in and around 
bronchioles with accumulation of 
macrophages in alveoli. 

Interstitial fibrosis 

Obstruction of bronchioles causing 
regional underventilation with 
reduced perfusion 



Multiple small round areas of low attenuation, Centrilobular emphysema: generally 

with decreased Hounsfield units (HU) in the caused by cigarette smoking 

secondary pulmonary lobule. 

Several mm (< 1 cm) in diameter, surrounded by 
normal lung parenchyma. 

Upper lobe predominance. 



Peripheral variant of centrilobular emphysema. 
Areas of low attenuation in the subpleural 
regions of the lung and adjacent to interlobular 
septa and pulmonary vessels. 



Uniform destruction of the secondary pulmonary 
lobule gives homogeneous "black lung". 

Paucity of vascular markings. 

Diffuse distribution in lower lobes. 



Thin walled, focal areas of avascularity. Bulla 

Bulla are >1 cm in diameter, and tend to involve 
upper lobes. 



Vascular pruning, enlarged pulmonary artery Pulmonary hypertension 

Mosaic attenuation 



Panlobular emphysema: may be asso- 
ciated with a 1 -antitrypsin deficiency 



Paraseptal emphysema: prone to lead 
to bulla and pneumothorax 



Ground glass attenuation with nodular component 
Reticular pattern 

Mosaic attenuation pattern of lung parenchyma 
at end expiration 
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Figure 2 

A. Respiratory bronchiolitis with interstitial lung disease (RBILD). Ill-defined white nodules 
are present , representing accumulation of macrophages in the interstitium and respiratory 
bronchiolitis. 

B. Centrilobular emphysema. “Moth-eaten" appearance of lung with multiple patchy black 
areas (lower attenuation corresponding to lung destruction and centrilobular emphysema). 



Quantification of emphysema 

CT has been shown to be extremely useful in assessing the extent of emphysema. 
CT scans can be assessed in one of two ways. With visual assessment, which is sub- 
jective, an observer calculates the percentage of each scan involved by emphysema 
according to a predetermined scale, for example 0%, <25%, 25-50%, 50-75%, 
>75%. The digital nature of CT data also allows for an objective quantification of 
emphysema, based on attenuation values. 

Several studies have compared the extent of emphysema seen on CT with the 
“gold standard” of histopathological assessment [5-13]. Some studies involved 
post-mortem specimens and others used resected lobes from patients undergoing 
surgery for lung cancer. Bergin and colleagues compared extent of emphysema 
assessed on conventional CT (10 mm collimation) by a visual scoring system with 
the pathological extent of emphysema [6]. The pathological extent of emphysema 
was graded by comparing the specimens to a panel of standards, and thus was not 
a truly quantitative method. A reasonable correlation was seen between the CT and 
pathology score (r = 0.57 for the resected lobe, r = 0.63 for the whole lung). It was 
found that CT was a better predictor of the pathological extent of emphysema than 
lung function tests. Other groups, using similar methods, found closer correlations 
when HRCT rather than conventional CT was performed [7-9]. However, when the 
pathological assessment was improved by using a more truly quantitative means of 
assessing the extent of emphysema it was found that visual assessment of CT con- 
sistently underestimated the extent of emphysema [9]. 
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More recently the use of commercially-available software packages to aid image 
processing has made objective quantitative analysis of the degree of emphysema 
possible. Destruction of lung tissue in emphysema leads to affected areas of lung 
having increasingly negative attenuation values. This may be expressed in a variety 
of ways of which mean lung density and percentage of lung area with abnormally 
low attenuation values are most often used. There are several technical problems in 
the use of mean lung density as a measure of emphysema. Firstly it is important to 
define the boundaries of the lung parenchyma, and pixels towards the edge may 
contain adjoining tissue of higher density than lung, such as bone or muscle. Sec- 
ondly, although the density of the lung parenchyma falls in emphysema, this is only 
a small change, which can be masked by variations in the pulmonary vasculature. 
Finally, lung density increases with expiration, as the air is expelled from the lungs, 
so alterations in readings may be found, if the patient is unable to breath hold at full 
inspiration, whilst images are obtained. 

Early work demonstrated a shift in the frequency distribution curves of attenua- 
tion numbers towards more negative values in emphysema [10]. It was subsequent- 
ly found that the lowest fifth percentile of the frequency histogram was significant- 
ly associated with a microscopic index quantifying emphysema [14]. This method 
can underestimate emphysema if it is associated with other disorders. It is therefore 
better to define a threshold attenuation value that distinguishes normal from 
emphysematous lung tissue. 

Muller and colleagues proposed a method of image processing using a software 
package (“density mask”) that quantifies emphysema by defining the percentage of 
lung occupied by areas of abnormally low attenuation [11]. The programme high- 
lights voxels within a given density range (e.g., < -910 HU) and the percentage area 
of lung occupied by these voxels is automatically calculated. In a pilot study com- 
parisons were made between conventional CT images (10 mm collimations, with 
contrast), and resected specimens, visually graded for severity, to calculate the opti- 
mal attenuation levels at which to set the density mask. Using these levels (<-920, 
-910 and -900 HU), the percentage area with abnormally low attenuation was 
assessed in 28 patients, and correlated with both the visual score for emphysema on 
the CT images, and the histological grading. Mean lung densities were also calcu- 
lated. The results showed an excellent correlation between the density mask per- 
centage area <-910 HU and the histological severity score (r = 0.89). There was a 
much weaker, although still significant, correlation between mean lung density and 
histology score (r = 0.46). 

Quantitative analysis was taken an important step further by comparing CT data 
with pathology specimens assessed with a computer aided system that calculated the 
percentage area of emphysema in transverse macroscopic sections [12]. This 
increased the accuracy of the histological “gold standard” calculations. CT scans 
were quantified by calculating the percentage area occupied by attenuation numbers 
below thresholds ranging from -900 to -970 HU. A threshold of less than -950 HU 
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gave a valid index of the extent of pulmonary emphysema. This study used high res- 
olution rather than conventional CT, and contrast was not given, accounting for the 
difference found in the optimal threshold. 

A further study compared CT images with a microscopic analysis of the lung 
resections [13]. Again, in this study the histology data was truly quantitative, with 
microscopic measurements reflecting the size of the alveoli and the alveolar ducts. 
There was a significant correlation between microscopic extent of emphysema and 
area with attenuation numbers below -950 HU (r = 0.7). Further correlation was 
made with pulmonary function tests. Correlations were seen with measures of air- 
way obstruction (FEVj, FEV^FVC) and air trapping (RV%, TLC%, RV/TLC%), 
but the closest correlations were with measure of gas transfer (DLCO, DLCO% pre- 
dicted, DLCO/VA, DLCO%/VA). 

Attempts have been made to correlate the extent of emphysema calculated by the 
“density mask” technique with lung function tests. Inverse correlations are seen 
with indices of airflow (r = 0.51 -0.72) and of diffusing capacity (r = 0.53) [15]. 
While these correlations are not particularly tight, they are similar to those seen 
when lung function test results are correlated with pathological specimens, reflect- 
ing the fact that there are limitations in evaluating emphysema by lung function test- 
ing alone. 

The studies described so far have involved CT scans taken at full inspiration 
(total lung capacity). It has been found that expiratory scans (taken at functional 
residual capacity) correlate more closely with diffusing capacity than do inspiratory 
images. It seems that permanent enlargement of the airspaces is better demonstrat- 
ed on expiratory scans, and that inspiratory scans overdiagnose emphysema by 
detecting areas of hyperinflated lung that do not represent emphysema [16, 17]. 

The correlation between the degree of emphysema detected by CT and by pul- 
monary function testing is not particularly close. It has been shown that even 
though emphysema is usually more extensive in the upper lobes, it is the extent of 
lower lobe emphysema that correlates most closely with lung function results [18]. 
This reflects the fact that the contribution of the upper lobes to pulmonary function 
testing is small. Extensive emphysematous damage can occur before it is detected. 
On the other hand, CT may detect early emphysema that does not have functional 
significance. 



Airways disease 

While CT has been extensively studied in the assessment of emphysema, less atten- 
tion has been paid to the imaging of airways disease. Emphysema is defined in 
histopathological terms, and so readily lends itself to detection by a technique that 
examines structure. Chronic bronchitis, however, is generally defined in clinical 
terms and so CT may not necessarily detect any morphological abnormalities. 
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Thickening of the walls of large airways can, however, be more readily detected in 
smokers using CT than by plain chest radiography. In one series, studying 175 
healthy volunteers, bronchial wall thickening was detected in 33% of smokers on 
CT, but not in any cases by plain CXR [19]. In another study, calculation of airway 
wall thickness of the apical right upper lobe bronchus contributed to the prediction 
of lung function abnormalities when taken together with calculation of emphyse- 
matous involvement on CT [20]. 

There are considerable technical difficulties to be overcome when using CT to 
assess bronchial wall thickness and intra-luminal area. Several investigators have 
used phantom models of airways to assess errors in measurements using a variety of 
protocols [21]. In the main, it appears that accuracy is best in airways of larger 
diameter. Studies in animals [22], and in asthmatic volunteers [23, 24] have shown 
that CT has the potential to be of diagnostic use in the assessment of airways dis- 
ease, but further investigations in COPD are necessary. 



Early changes in smokers' lungs 

The first part of the lung to be affected by smoking is the respiratory bronchiole. 
Histologically this is detected as mild chronic inflammation with accumulation of 
pigmented macrophages within the respiratory bronchioles and adjacent alveoli 
[25]. These histological changes are not usually associated with clinical symptoms, 
although in some cases more extensive involvement leads to a syndrome of cough, 
dyspnoea and a restrictive lung defect, known as respiratory bronchiolitis-intersti- 
tial lung disease (RB-ILD) (Fig. 2). 

Damage to the small airways can be detected with lung function tests. Several 
investigators have attempted to identify sensitive tests of small airways function 
(MMEF, single breath N2 test, closing capacity) that may be used to monitor pro- 
gression of smoking-related lung disease. Unfortunately it has been found that the 
reproducibility of the majority of these tests is low, and, in the main, abnormalities 
of these tests do not appear to predict the subsequent development of clinically sig- 
nificant airflow obstruction [26-28]. 

CT scanning can detect changes due to respiratory bronchiolitis; early signs of 
smoking-related damage include parenchymal nodules, areas of “ground glass” 
attenuation, and bronchial abnormalities. Significant differences in the frequency of 
these signs are found between current, ex- and non-smokers. They are more readily 
detected by HRCT than by conventional CT. In one study, HRCT detected 
parenchymal micronodules in 27% of smokers, but in only 4% of ex-smokers and 
no non-smokers (p< 0.001). The figures for areas of ground glass attenuation were 
21%, 4% and 0% (p = 0.001), and for areas of emphysema 21%, 8% and 0% 
(p<0.001) [19]. 

Pathological correlations demonstrate that parenchymal nodules represent bro- 
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chiolectases with peribronchiolar fibrosis, and that ground glass attenuation indi- 
cates the presence of an inflammatory alveolar infiltrate [29]. 

A recent longitudinal study, carried out over a mean period of 5.5 years, has 
demonstrated the evolution of changes in smokers’ lungs [30]. Persistent smokers 
were found to have an increase from baseline in the extent of emphysema and 
ground glass attenuation seen on HRCT. This was correlated with a significantly 
faster rate of decline in FEV^ than in ex- and non-smokers. Subjects with micron- 
odules seen at baseline were found to have no change, an increased number of 
micronodules or replacement of the nodules with areas of emphysema. This is the 
first study to demonstrate the evolution of emphysema from inflammatory lesions 
on CT to tissue destruction. It raises the possibility of identification of susceptible 
individuals at an early stage and the hope that intervention with smoking cessation 
may prevent progression of the disease [30]. 



Assessment prior to surgery 

Surgical treatments for emphysema have been employed over several decades [31]. 
It is well established that resection of giant bullae leads to clinical improvement, and 
over the last twenty years single lung transplantation has become an available 
option to a few younger patients with terminal disease. More recently, the lung vol- 
ume reduction procedure has come back in to vogue [31, 32-35]. Clearly, perform- 
ing surgery on patients with severe lung disease is an alarming prospect, and care- 
ful patient selection is crucial. One of the major clinical applications of CT in COPD 
is in the pre-operative assessment of surgical candidates. 

In the case of bullous emphysema, CT is of benefit in establishing the size of 
giant single bullae, and in identifying adjacent compressed lung. CT can be helpful 
in identifying the best site for the surgical approach, enabling mini-thoracotomy and 
reducing the morbidity associated with a larger wound [36]. 

Lung volume reduction surgery, originally proposed by Brantigan in the 1950s, 
was reintroduced by Cooper and colleagues in 1995 [37, 38]. The rationale behind 
this procedure is to re-establish normal lung mechanics by reducing hyperinflation, 
through resection of areas of diseased tissue. Cooper originally selected subjects on 
the basis of severe dyspnoea, increased total lung capacity, and a pattern of emphy- 
sema that included “target” regions of severe destruction, hyperinflation and poor 
perfusion. 

It has since been found that the patients who derive most benefit have predomi- 
nantly upper lobe disease that is heterogeneous, with the worst affected areas in the 
outer rind of the lung [39]. Many patients undergo ventilation-perfusion scintigra- 
phy as well as CT imaging pre-operatively, however it has been shown that CT scan- 
ning is the most useful imaging modality and that scintigraphy has a limited role in 
the prediction of outcome [40]. 
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Refinement of the selection criteria for this procedure is important since it has 
become apparent that while some patients derive great benefit, the operation is by 
no means a success for all. The National Emphysema Treatment Trial (NETT) in 
America is currently trying to address this issue [41]. Early results have shown that 
there is an unacceptable mortality risk for patients with a ¥EV 1 of less than 20% of 
predicted in association with either heterogeneous emphysema demonstrated on CT 
or a carbon monoxide diffusing capacity of less than 20% predicted [33]. The use 
of quantitative CT measurements to assess the extent and distribution of emphyse- 
matous lesions may prove useful in further refining the selection criteria for LVRS 
candidates in future. 



Detection of early disease 

CT is more sensitive than spirometry for the detection of early emphysema. There 
is a role for HRCT in establishing whether emphysema is the cause of dyspnoea in 
subjects with normal spirometry. Such patients may have an isolated gas transfer 
defect as the only lung function abnormality, however evidence of early emphysema 
can clearly be shown on CT [42]. 



Co-existent bronchiectasis and malignancies 

CT is of use in smokers presenting with persistent productive cough to distinguish 
between COPD and bronchiectasis. In one investigation, 29% of subjects diagnosed 
with COPD in the community were found to have bronchiectasis on CT chest [43]. 

CT can also be used to screen for co-existent malignancy, a not infrequent occur- 
rence in this patient group. 



Monitoring progress 

HRCT may be sufficiently sensitive to monitor longitudinal changes in the extent of 
emphysema. It has been shown that annual changes in lung density and percentage 
of low attenuation area are detectable in ex-smokers and current smokers with 
inspiratory HRCT. Annual increases in these parameters are greater than in a group 
of never smokers, however increases in airspace size due to normal ageing are 
detectable over five years [44]. Annual increases in extent of emphysema can also 
be detected using quantitative CT in patients with emphysema due to a r -antitrypsin 
deficiency [45]. 

In another study, progression from pre-emphysematous lesions (micronodules) 
to emphysema was detectable in a group of smokers over five years. Only a small 
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number of subjects gave up smoking over this period, but analysis of individual 
cases showed some resolution of pre-emphysematous lesions [30]. 

These findings raise the hope that CT may be a useful tool with which to moni- 
tor response to treatment in drug trials. It appears that subtle changes in disease 
extent may be more readily detected with CT imaging than with pulmonary function 
testing. Two on-going trials are using this approach. In a pilot study of a! -antitrypsin 
augmentation therapy it was calculated that 130 patients would need to be recruit- 
ed to demonstrate a significant effect using quantitative CT [46]. If annual decline in 
FEVj was used as the primary outcome measure then 550 subjects would be 
required. Change in extent of disease assessed by quantitative CT is also being used 
as an outcome measure in a study of all-^ns-retinoic acid (ATRA) therapy [47]. 



Conclusion 

The evidence suggests that CT is complementary to pulmonary function testing in 
the assessment of patients with COPD. The detection of early disease with CT may, 
however, be a useful motivational aid to encourage smoking cessation in apparent- 
ly healthy smokers before severe damage is done. In addition, the ability to quanti- 
tate the extent of emphysema with CT means that it may be a powerful tool in mon- 
itoring response to therapies. The ability of CT to detect early signs of smoking- 
related damage, including respiratory bronchiolitis and alveolar infiltrates, may 
enable identification of early disease that may be reversible by novel anti-inflam- 
matory therapies. 
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Introduction 

Oxidative stress occurs when reactive oxygen species (ROS) are produced in excess 
of the antioxidant defence mechanisms and result in harmful effects, including dam- 
age to lipids, proteins and DNA. There is increasing evidence that oxidative stress 
is an important feature in inflammatory airway diseases, including chronic obstruc- 
tive pulmonary disease (COPD) [1-3]. This area of research has received new impe- 
tus by the recent development of several techniques for measuring oxidative stress 
in the lungs [4]. However, the pathophysiological role of oxidative stress in airway 
diseases will only be firmly established when more potent antioxidants become 
available for clinical use. 



Formation 

Inflammatory and structural cells that are activated in the airways of patients with 
COPD produce ROS, including, neutrophils, eosinophils, macrophages, and epithe- 
lial cells [2]. Superoxide anions (0 2 '~) are generated by NADPH oxidase and this is 
converted to hydrogen peroxide (H 2 0 2 ) by superoxide dismutases. H 2 0 2 is then dis- 
muted to water by catalase. 0 2 ~ and H 2 0 2 may interact in the presence of free iron 
to form the highly reactive hydroxyl radical ( OH). 0 2 “ may also combine with NO 
to form peroxynitrite, which also generates OH [5]. Oxidative stress leads to the 
oxidation of arachidonic acid and the formation of a new series of prostanoid medi- 
ators called isoprostanes, which may exert significant functional effects [6], includ- 
ing bronchoconstriction and plasma exudation [7-9]. 

Granulocyte peroxidases, such as myeloperoxidase in neutrophils, play an 
important role on oxidative stress. In neutrophils, H 2 0 2 generated from 0 2 ~ is 
metabolised by myeloperoxidase in the presence of chloride ions to hypochlorous 
acid which is a strong oxidant. Myeloperoxidase is also able to nitrate tyrosine 
residues, as can peroxynitrite [10-12]. 
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Antioxidants 

Oxidative stress describes an imbalance between ROS and antioxidants. The nor- 
mal production of oxidants is counteracted by several antioxidant mechanisms in 
the human respiratory tract [13]. The major intracellular antioxidants in the air- 
ways are catalase, SOD and glutathione, formed by the enzyme y-glutamyl cysteine 
synthetase, and glutathione synthetase. Thioredoxin may also be an important reg- 
ulator of oxidative stress, but little is known about its role in the airways [14]. Oxi- 
dant stress activates the inducible enzyme heme oxygenase- 1 (HO-1), converting 
heme and hemin to biliverdin with the formation of carbon monoxide (CO) [15]. 
Biliverdin is converted via bilirubin reductase to bilirubin, which is a potential 
antioxidant. HO-1 is widely expressed in human airways [16] and CO production 
is increased in COPD (see below). HO-1 activation may be a marker of oxidative 
stress but may also play a protective role in the airways. 

In the lung intracellular antioxidants are expressed at relatively low levels and 
are not induced by oxidative stress, whereas the major antioxidants are extracellu- 
lar [17]. Extracellular antioxidants, particularly glutathione peroxidase, are 
markedly up-regulated in response to cigarette smoke and oxidative stress. The glu- 
tathione system is the major antioxidant mechanism in the airways. There is a high 
concentration of reduced glutathione (GSH) in lung epithelial lining fluid [13] and 
concentrations are increased higher in cigarette smokers. Extracellular glutathione 
peroxidase (eGPx) is an important antioxidant in the lungs and may be secreted by 
epithelial cells and macrophages, particularly in response to cigarette smoke or 
oxidative stress [18]. eGPx inactivates H 2 0 2 and 0 2 ~, but may also reactivate nitro- 
gen species [17]. Extracellular antioxidants also include the dietary antioxidants vit- 
amin C (ascorbic acid) and vitamin E (a-tocopherol), uric acid, lactoferrin and 
extracellular superoxide dismutase (SOD3). SOD3 is highly expressed in human 
lung, but its role in COPD is not yet clear [19]. 



Effects on airways 

ROS have several effects on the airways, which would have the effect of increasing 
the inflammatory response (Fig. 1). These effects may be mediated by direct actions 
of ROS on target cells in the airways, but may also be mediated indirectly via acti- 
vation of signal transduction pathways and transcription factors and via the forma- 
tion of oxidised mediators such as isoprostanes and hydroxyl-nonenal. 



Effects on signal transduction pathways and transcription factors 

ROS activate the transcription factor nuclear factor-xB (NF-kB), which switches on 
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Figure 1 

Oxidative stress in COPD. 



multiple inflammatory genes [20, 21]. The molecular pathways by which oxidative 
stress activates NF-kB have not been fully elucidated, but there are several redox- 
sensitive steps in the activation pathway [22]. Another transcription factor that acti- 
vates inflammatory genes is activator protein- 1 (AP-1) which is a heterodimer of Fos 
and Jun proteins. As with NF-kB there are several redox-sensitive steps in the acti- 
vation pathway [23]. Exogenous oxidants may also be important in worsening air- 
way disease. Cigarette smoke, ozone and, to a lesser extent, nitrogen dioxide, 
impose an oxidative stress on the airways [24]. 

Oxidants also activate mitogen-activated protein (MAP) kinase pathways. H 2 0 2 
is a potent activator of extracellular regulated kinases (ERK) and p38 MAP kinase 
pathways that regulate the expression of many inflammatory genes and survival in 
certain cells, and spreading of macrophages [25]. Indeed many aspects of 
macrophage function are regulated by oxidants through the activation of multiple 
kinase pathways [26]. 



Airway smooth muscle 

H 2 0 2 directly constricts airway smooth muscle in vitro and this effect is mediated 
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partly via the release of prostanoids [27]. ROS may damage airway epithelium, result- 
ing in increased epithelial shedding and increased bronchoconstrictor responses [28]. 
Superoxide dismutase results in a decreased reactivity of guinea-pig trachea in vitro , 
suggesting that baseline production of 0 2 “ may increase reactivity [29]. In vitro H 2 0 2 
induces an increase in responsiveness of human airways [30]. Formation of perox- 
ynitrite also increases airway responsiveness in guinea pigs in vitro and in vivo [31, 
32], but its effect in human airways is not yet known. 8-isoprostane (or 8-epi- 
prostaglandin F 2a ), the predominant isoprostane formed by the non-enzymatic oxi- 
dation of arachidonic acid in humans, is a potent constrictor of animal and human 
airways in vitro , an effect that is largely mediated via thromboxane (TP) receptors [7]. 



Vessels 

Little is known about the effects of ROS on the bronchial vasculature. OH potent- 
ly induce plasma exudation in rodent airways [33]. 8-isoprostane is a potent induc- 
er of plasma exudation in airways [8]. 



Mucus secretion 

In rats, oxidative stress increases airway mucus secretion, an effect that is blocked 
by cyclo-oxygenase inhibitors [34]. The effect of oxidative stress may be mediated 
via the activation of epidermal growth factor receptors on submucosal glands [35]. 
Neutrophil elastase is a potent stimulant of mucus secretion and increases the 
expression of mucin genes (MUC5AC); its effects are inhibited by dimethylthiourea, 
a purported scavenger of ‘OH [36]. 



Nerves 

Allergen impairs the function of bronchodilator nerves in guinea pig airways in vivo 
by an effect that is blocked by superoxide dismutase (SOD), suggesting that 0 2 ‘" 
may scavenge NO released from motor nerves [37]. In rat airways, oxidant stress 
increases cholinergic nerve-induced bronchoconstriction, an effect that may be due 
to oxidant damage of acetylcholinesterase [38]. 8-isoprostane also has direct effects 
of airway nerves [39]. 



Inflammatory effects 

Oxidants activate NF-kB, which orchestrates the expression of multiple inflam- 
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matory genes that have increased expression in COPD, thereby amplifying the 
inflammatory response [20]. Many of the stimuli that activate NF-kB appear to 
do so via the formation of ROS, particularly H 2 0 2 . ROS activate NF-kB in an 
epithelial cell line [40] and increase the release of pro-inflammatory cytokines 
from cultured human airway epithelial cells [41]. Oxidative stress results in acti- 
vation of histone acetyltransferase activity which opens up the chromatin struc- 
ture and is associated with increased transcription of multiple inflammatory 
genes [42, 43]. 

Increased oxidative stress 

There is considerable evidence for increased oxidative stress in COPD [1, 2]. Ciga- 
rette smoke itself contains a high concentration of ROS [44]. Inflammatory cells, 
such as activated macrophages and neutrophils, also generate ROS, as discussed 
above. 

Epidemiological evidence indicates that reduced dietary intake of antioxidants 
may be a determinant of COPD and population surveys have linked a low dietary 
intake of the antioxidant ascorbic acid (vitamin C) with worse lung function [45, 
46]. 



Exhaled markers of oxidative stress 

There are several markers of oxidative stress that may be detected in the breath and 
several studies have demonstrated increased production of oxidants in exhaled air 
or breath condensates [4, 47, 48]. There is an increased concentration of H 2 0 2 in 
exhaled breath condensate of patients with COPD, particularly during exacerba- 
tions [49, 50]. 

There is also an increase in the concentration of 8-iso prostaglandin F 2(X (8-iso- 
prostane) in exhaled breath condensate, which is found even in patients who are ex- 
smokers [51] and is increased further during acute exacerbations [52]. Isoprostane 
is also increased in the breath of normal smokers, but to a lesser extent than in 
COPD, suggesting that there is an exaggeration of oxidative stress in COPD. 8-iso- 
prostane is similarly increased in the urine of patients with COPD and further 
increased during exacerbations [53]. 

The concentrations of exhaled carbon monoxide (CO) are also increased in 
patients with COPD [54]. However in smokers this is difficult to interpret because 
cigarettes contain CO, but this increase is also found in confirmed ex-smokers and 
is presumed to reflect increased activation of heme oxygenase- 1 in response to 
oxidative stress. Exhaled ethane, a volatile marker of lipid peroxidation, is also 
increased in COPD and is correlated with the levels of exhaled CO [55]. Another 
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marker of lipid peroxidation thiobarbituric acid reactive substances (TBARS) is also 
increased in exhaled breath condensate of patients with COPD [50]. 

The concentrations of nitric oxide (NO) in exhaled air are not increased in 
COPD patients to the same extent as in asthma [54, 56, 57], but increase during 
exacerbations [56, 58]. In normal smokers exhaled NO levels are lower than nor- 
mal and this is related to the number of cigarettes smoked [59]. This may reflect 
consumption of NO gas due to its avid interaction with super oxide anions to form 
peroxynitrite, which is then converted to nitrate. In patients with COPD there is 
increased expression of inducible NO synthase in alveolar macrophages and the NO 
generated may form peroxynitrite which then nitrates tyrosine residues on proteins 
to form 3-nitrotyrosine adducts which may be detected by immunocytochemistry. 
There is a marked increase in 3-nitrotyrosine immunoreactivity in sputum macro- 
phages in patients with COPD [60]. There is also an increase in nitrite and nitrate 
concentrations in exhaled breath condensates, which may also reflect peroxynitrite 
formation [61]. 



Other evidence for oxidative stress 

There is also evidence for increased systemic markers of oxidative stress in patients 
with COPD as measured by biochemical markers of lipid peroxidation [62]. A spe- 
cific marker lipid peroxidation 4-hydoxy-2-nonenal which forms adducts with basic 
amino acid residues in proteins can be detected by immunocytochemistry and has 
been detected in lungs of patients with COPD [63]. This signature of oxidative stress 
is localised to airway and alveolar epithelial cells, endothelial cells and neutrophils. 



Role of oxidative stress in COPD 

The increased oxidative stress in the airways of COPD patient may play an impor- 
tant pathophysiological role in the disease. 



Amplification of inflammation 

Oxidative stress may be a means of amplifying the inflammatory response in COPD. 
This may reflect the activation of transcription factors such as NF-kB and AP-1, 
which then induce a neutrophilic inflammation via increased expression of IL-8 and 
other CXC chemokines, TNF-a and MMP-9. NF-kB is activated in airways and 
alveolar macrophages of patients with COPD and is further activated during exac- 
erbations [64, 65]. It is likely that oxidative stress is an important activation of this 
transcription factor in COPD patients. 
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Reduction in antiproteases 

Oxidative stress may also impair the function of antiproteases such as (Xj -antitrypsin 
and secretory leukoprotease inhibitor, and thereby accelerate the breakdown of 
elastin in lung parenchyma [66]. 



Corticosteroid resistance 

Corticosteroids are much less effective in COPD than in asthma and do not 
reduce the progression of the disease [67-70]. In contrast to patients with asth- 
ma, those with COPD do not show any significant anti-inflammatory response 
to corticosteroids [71, 72]. Alveolar macrophages from patients with COPD 
show a marked reduction in responsiveness to the anti-inflammatory effects of 
corticosteroids, compared to cells from normal smokers and non-smokers 
[73]. 

Recent studies suggest that there may be a link between oxidative stress and the 
poor response to corticosteroids in COPD. Oxidative stress impairs binding of glu- 
cocorticoid receptors to DNA and the translocation of these receptors from the 
cytoplasm to the nucleus [74, 75]. Corticosteroids switch off inflammatory genes by 
recruiting histone deacetylase-2 (HDAC2) to the active transcription site and by 
deacetylating the hyperacetylated histones of the actively transcribing inflammatory 
gene, they are able to switch off its transcription and thus suppress inflammation 
[76, 77]. In cigarette smokers and patients with COPD there is a marked reduction 
in activity of HDAC and reduced expression of HDAC2 in alveolar macrophages 

[78] and an even greater reduction in HDAC2 expression in peripheral lung tissue 

[79] . This reduction in HDAC activity is correlated with reduced expression of 
inflammatory cytokines and a reduced response to corticosteroids. This may result 
directly or indirectly from oxidative stress and is mimicked by the effects of H 2 0 2 
in cell lines [79]. 



Apoptosis 

Oxidative stress may also induce apoptosis in endothelial and epithelial cells. 
Apoptosis of type 1 pneumocytes may be contributory to the development of 
emphysema and this might be induced by cytotoxic T lymphocytes or by inhibition 
of vascular-endothelial growth factor receptors [80, 81]. ROS may induce apopto- 
sis by activating the NF-kB pathway, by direct DNA damage via activation of poly- 
ADP-ribose and via the generation of 4-hydroxy-nonenal. Apoptosis signal-regulat- 
ing kinase- 1 is held in an inactive conformation by thioredoxin and when oxidised 
by ROS this triggers apoptotic pathways [82]. 
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Antioxidants as therapy for COPD 

In view of the persuasive evidence presented above that oxidative stress is important 
in the pathophysiology of COPD antioxidants are a logical approach to therapy [83, 
84]. 

Several antioxidants have also been administered to patients with COPD to 
explore their effects on lung function. NAC was developed as a mucolytic agent but 
also acts as an antioxidant by increasing the formation of glutathione. Although 
small scale trials failed to demonstrate any clear clinical benefit, more recent meta- 
analyses have shown a small but significant clinical benefit in COPD, particularly in 
reducing exacerbations [85, 86]. This benefit is not shared by other mucolytics and 
is therefore likely to be due to the antioxidant effect of NAC. These results should 
encourage the development of more effective antioxidants in the future. 

Currently available antioxidants are rather weak, but more potent drugs, includ- 
ing spin-trap antioxidants (nitrones) and stable glutathione analogues are currently 
in clinical development [87]. Inhibitors of inducible NO synthase may inhibit for- 
mation of peroxynitrite and may be of value in therapy in view of the potential 
detrimental role of peroxynitrite. Selective, potent and long-lasting inhibitors of 
iNOS are now in clinical development [88]. The selenium-containing antioxidant 
ebselen is reported to be effective as an efficient scavenger of peroxynitrite [89], but 
does not appear to be in clinical development. 
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Introduction 

Proteolytic enzymes play a key role in a multitude of diverse normal physiological 
processes. These range from digestion of food to the intracellular degradation of 
antigens or subtle post-translational processing of proteins. In addition, proteolytic 
enzymes can play a key role in the initiation or resolution of cascade processes such 
as coagulation and the complement cascade. 

The importance of these enzymes only becomes apparent when they are defi- 
cient, as in pancreatic disease leading to malabsorption, or overactive as with Cl 
esterase in the generation of angio-oedema. However, for their normal physiologi- 
cal function, processes must be in place to modulate their activity. In particular the 
enzymes need to be “switched on” when required and “switched off” when no 
longer needed or limited in their radius of activity to prevent excessive collateral 
damage. 

This concept of collateral damage has become of major importance in chronic 
lung disease where enzymes have been implicated in the destructive processes that 
lead to the pathological and clinical features of the disease. This has been polarised 
into the proteinase-antiproteinase theory of chronic lung disease that has dominat- 
ed research initially in emphysema and more recently in the broader spectrum of dis- 
eases termed chronic obstructive pulmonary disease (COPD). The theory predicts 
that, in the presence of inflammation, normal proteinase function is retained while 
collateral damage is prevented by specific proteinase inhibitors. However when the 
enzyme is released in excess amounts or the quantity or function of the inhibitors is 
reduced, the resultant excessive enzyme activity leads to the tissue damage that is 
central to the pathogenesis of the lung disease. 

The current chapter explores the mechanisms involved with particular reference 
to neutrophil elastase. 
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Neutrophil elastase 

Neutrophil elastase is a 30 kDa enzyme that is predominantly localized to the poly- 
morphonuclear leukocyte, although it is also found within a subset of monocytes 
[1]. The enzyme is produced during neutrophil maturation, and the gene is only 
expressed early during this process, as the cell matures from a promyelocyte to a 
metamyelocyte [2]. Thereafter gene transcription ceases and the enzyme is packaged 
into the primary azurophil granule and is released in the active form only on cell 
activation and degranulation. The enzyme itself is made as a pre-proenzyme, which 
is cleaved at both the carboxy and amino terminal ends, releasing the mature 
enzyme which is stored in its fully active form [3]. The enzyme is a classical serine 
proteinase with serine at its active site and a catalytic triangle of serine, histidine and 
asparagine [4] that gives it its specificity for both enzyme activity and inhibition by 
inhibitors. 

The enzyme was named neutrophil elastase because of the cell in which it is 
stored and its ability to digest the connective tissue elastin. Nevertheless, despite this 
function the enzyme is also able to cleave a variety of other substrates including the 
connective tissue components fibronectin, laminin and collagen, cell surface recep- 
tors (see Tab. 1) and fibrinogen, potentially leading to intravascular coagulation. 

The role of neutrophil elastase in chronic lung disease was explored following 
the early identification of severe early onset emphysema in patients with the inher- 
ited deficiency of a 1 -antitrypsin (cq-AT, see later). Since oq-AT was the major serum 
serine proteinase inhibitor, studies were undertaken to identify a serine proteinase 
that could produce emphysema. Early animal studies demonstrated that enzymes 
such as the plant enzyme papain and subsequently pancreatic porcine elastase 
(another serine proteinase) were able to induce pathological changes in experimen- 
tal animals that resembled human emphysema ([5] and [6] respectively). In view of 
these observations, studies were undertaken to identify a human enzyme with the 
same properties. Neutrophil extracts were shown to induce emphysema [7] and sub- 
sequently neutrophil elastase was purified and confirmed to have the same ability 
[8]. This led to a general acceptance that neutrophil elastase was probably the major 
enzyme that resulted in the development of human emphysema and there is now an 
extensive literature involving both in vitro and in vivo data from experimental ani- 
mal and human studies exploring the mechanisms involved. Indeed, although much 
of the early work was confined to the study of emphysema, proteolytic enzymes 
such as neutrophil elastase have now been implicated in the more generic disease 
grouping COPD, where emphysema may be only one component or even absent. 
This is largely related to experimental data that confirms neutrophil elastase has the 
ability to produce dramatic bronchial damage [9], to lead to mucous gland hyper- 
plasia [10] and mucus secretion [11] as well as damage to bronchial epithelium [12] 
and a reduction in ciliary beat frequency of epithelial cells [13]. These are all clini- 
cal features of subsets of patients encompassed in the global term COPD and there 



76 




Proteinases in COPD 



Table 1 - Effects of neutrophil elastase in vitro and in vivo 


Proteolysis 


Degradation 


Elastin, fibronectin and other matrix components (for review see [103]) 
Immunoglobulin A [104] 

T lymphocyte surface antigens [105] 

IL-6 [106] 

Cystatin C [70], TIMPs [83, 107] 


Activation 


Cathepsin B [70] 

TGF-|3 [108] 

MMP-2 [85,109], MMP-3 [85], MMP-9 [84] 
Complement components [110, 111] 


Cellular 


Neutrophils and 


Complexed with a 1 -antitrypsin (o^-AT), chemotactic for neutrophils [112] 


monocytes 


In complex with o^-AT, increased c^-AT secretion by monocytes and 
alveolar macrophages [113] (and hepatoma cell line [114]) 

Increased LTB4 release by macrophages [27] 


Epithelium 


Disruption and detachment [12] 

Enhanced production of prostaglandin E2 [115] and IL-8 [116] 
Reduced production of SLPI [117, 118] and elafin [119] 
Increased mucin MUC5AC protein content [120] 


Endothelium 


Induced apoptosis [121] 


Bacteria 


Killing effect in vitro [122] 

Increased likelihood of adherence and colonization [123-125] 


Genetic 


Transcription 


Increased c^-AT expression by monocytes and alveolar macrophages [113] 
Increased SLPI [117, 118, 126] and elafin [119] expression (high 
concentrations of neutrophil elastase only) 

Increased expression of MUC5AC [120] and IL-8 [127] 



is evidence therefore to implicate neutrophil elastase in most of these pathological 
processes and clinical features [14], 

However neutrophil elastase activity was difficult to identify in early lavage stud- 
ies from patients with emphysema, although there has always been a general accep- 
tance that neutrophil numbers are increased both in smokers and patients with 
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established emphysema [15]. More recent studies have nevertheless confirmed an 
increase in neutrophil proteins in patients even with subclinical emphysema detect- 
ed by high resolution CT scanning [16]. The failure to detect the enzyme activity in 
lavage samples therefore may well represent the fact that these samples are a mix- 
ture of both the neutrophil products and naturally occurring inhibitors that are pre- 
sent within airway secretions and hence not truly reflective of the environment in 
the interstitium leading to tissue damage and the development of emphysema (see 
later). 

Pathological studies have shown that the amount of neutrophil elastase detected 
immunologically in the interstitium does relate to the severity of emphysema [17]. 
In addition, there is clearly a relationship between the amount of mucus production 
and the concentration of active neutrophil elastase in the secretions [14]. More 
recent studies have shown that activated neutrophils result in mucus secretion that 
is dependent on adhesion via the CD 1 lb/1 8 surface receptor and elastase on the sur- 
face of the neutrophil [18]. Although the exact mechanism has yet to be determined 
it seems likely that the epidermal growth factor receptor on mucous glands plays a 
key role leading to further mucus production [19]. 

Studies of airway secretions from patients with chronic bronchitis indicate that 
there is a toxic component that influences ciliary beating, and this can be inhibited 
by specific inhibitors of neutrophil elastase [13], suggesting the enzyme plays a role. 
Furthermore, when neutrophil elastase has been detected in lavage samples from 
patients with established emphysema, cessation of smoking leads to a reduction in 
this enzyme activity [20]. As cessation of smoking is known to be the only inter- 
vention that prevents progression of emphysema, this positive relationship between 
the smoking habit and a potential pathogenic enzyme adds support to its role. Final- 
ly, in the airway secretions neutrophil elastase is readily detected when the secretions 
are purulent (i.e., when there is a major neutrophil influx). This feature of secretions 
is related to bacterial colonisation [21] and in particular to bacterial exacerbations 
of COPD [22]. Such episodes have been shown to relate to progressive loss of lung 
function [23, 24] which at least implicates this enzyme in damage at bronchial, if 
not at alveolar, level. 



Factors involved in elastase delivery to the lung 

As the enzyme is predominantly contained within circulating neutrophils, it is deliv- 
ered to the lung as part of the inflammatory process. This involves the activation, 
endothelial adhesion, migration and degranulation of the neutrophil. Specific neu- 
trophil chemoattractants (such as interleukin (IL)~8 and leukotriene (LT) B4) have 
been identified in lung lavage fluids [25-27] and bronchial secretions [28] in 
patients with established COPD and emphysema. In addition, endothelial adhesion 
molecules have been shown to be up-regulated on pathological specimens and relate 
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to the number of neutrophils [29]. Neutrophils from patients with COPD and 
emphysema show increased expression of adhesion molecules [30] as well as an 
enhanced ability to migrate and degranulate to an appropriate signal [31]. The 
greater or more continuous this process, the more likely that neutrophil mediated 
lung damage is to occur and this will be specifically important in patients who have 
deficiency of controlling neutrophil elastase inhibitors such as c^-AT. 

Neutrophil recruitment also has the ability to amplify the inflammatory process 
especially in a! -AT deficiency. Early studies of such patients identified the neutrophil 
chemoattractant LTB4 in bronchoalveolar lavage samples [27]. It was shown that 
macrophages from such patients were the source of LTB4 and that neutrophil elas- 
tase had the ability to activate macrophages to produce even more LTB4. These 
observations led to the concept that release of elastase by neutrophils recruited to 
the lung could amplify the process because deficiency of <x r AT failed to inactivate 
the enzyme in situ. This concept is outlined in Figure 1. In addition, neutrophil elas- 
tase has been shown to activate epithelial cells leading to the release of a further neu- 
trophil chemoattractant IL-8, again a process that would potentially be greater in 
subjects with c^-AT deficiency. Indeed, studies of bronchial secretions from patients 
with established COPD with emphysema have shown more inflammation and 
greater concentrations of at least LTB4 in subjects with a! -AT deficiency [32] sup- 
porting these concepts. 

However the process may be even more complicated since activated neutrophils 
can release both LTB4 [33] and IL-8 [34] thereby amplifying the inflammatory 
process directly. This may be particularly true when the airways are colonised by 
bacteria and particularly during exacerbations due to bacterial infections. During 
such episodes, even in patients with normal a t -AT, free neutrophil elastase activity 
is easily detectable within the airway secretions [22] and hence has the potential to 
at least cause the pathological changes at bronchial level seen in COPD while also 
amplifying the inflammatory process as indicated above. 



Where is the enzyme effective? 

Neutrophil elastase is stored within the azurophil granules and when the neutrophil 
is activated, these granules are exocytosed and the enzyme is released. Studies have 
shown that the concentration of enzyme within the azurophil granule is approxi- 
mately 5 mM [35] and as the enzyme is released from the granule, it diffuses away 
and its concentration becomes reduced in an exponential manner (Fig. 2). This 
process is of major importance in understanding how tissue damage can occur. The 
most active inhibitor of neutrophil elastase is a t -AT. In normal subjects the serum 
concentration during health is approximately 30 pM i.e., approximately two orders 
of magnitude lower in concentration than the enzyme within the azurophil granule. 
Since a r AT inhibits neutrophil elastase on a one to one molar basis, the high con- 
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Figure 1 

The process hypothesized by Hubbard et al. [27] to explain the amplification of neutrophil 
recruitment in patients with a 7 - antitrypsin (a r AT) deficiency. Activated macrophages 
release LTB4 which attracts circulating neutrophils. Neutrophils release elastase, which 
would normally be inactivated by a r AT. However in deficiency the elastase persists and 
triggers more LTB4 release from macrophages and stimulates release of IL-8 from epithelial 
cells , thereby amplifying neutrophil influx. 



centration of enzyme as it is released from the granule means that it cannot be inhib- 
ited completely until its concentration has fallen to that of its physiological 
inhibitors. Thus, there is always an area of obligate enzyme activity around a 
released granule, which can cause tissue damage in the vicinity of an activated neu- 
trophil even in patients with normal antiproteinases. 

From the shape of the predicted exponential curve, it can be seen that the radius 
of low enzyme concentration increases exponentially as the concentration drops 
below 10 pmol (Fig. 3). Patients with oq-AT deficiency have a serum concentration 
of inhibitor of approximately 5 pM. Inhibitor concentrations as low as this would 
result in a much larger area of persistent enzyme activity around the released gran- 
ule in such subjects until the concentration equals that of a r AT. This concept has 
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Figure 2 

Diagrammatic representation of the change in neutrophil elastase concentration as it is 
released from an azurophil granule after exocytosis from the neutrophil. Adjacent to the 
granule the concentration is high, but it decreases exponentially; the arrows represent con- 
centrations at given distances from the granule. In patients with normal a^-AT concentra- 
tion , the enzyme activity would be completely blocked at B (30 pM), whereas a r AT defi- 
ciency, the enzyme activity would not be inhibited until it has diffused far enough away for 
the concentration to fall to 5 pM. 



been supported by experimental data utilising both purified inhibitors [35] and plas- 
ma from patients with different inherited oq-AT concentrations [36]. These obser- 
vations are thought to explain, at least in part, the reason that patients with a! -AT 
deficiency develop rapidly progressive extensive emphysema. 

In addition to the quantum proteolysis theory outlined above, studies have 
shown that enzymes released during the exocytosis of the azurophil granules can 
also spread and remain on the cell surface [37]. At this site, the enzymes become 
more resistant to inactivation and may play a key role in tissue damage as the neu- 
trophils adhere to their substrate. Whether cell surface proteinases are important in 
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Figure 3 

Diagrammatic representation of the effects of the varying radius of enzyme activity from 
azurophil granules released as neutrophils migrate from circulation to airway lumen. In 
patients with a 1 -AT deficiency ; the radius of activity is much greater and hence more tissue 
is destroyed during neutrophil migration. 



normal physiological processes for the neutrophil remains uncertain. However, 
studies have shown that specific inhibitors of neutrophil elastase can down-regulate 
neutrophil responses such as migration, even using experimental studies that do not 
involve connective tissue substrates [38]. It is possible that this has something to do 
with the processes of adhesion and activation of adhesion molecules, although clear- 
ly further studies need to be carried out. 

However, in support of this concept, neutrophils from patients with Chediak- 
Higashi syndrome fail to respond to chemoattractants [39]. This disease is a rare 
and usually fatal condition where a defect in the CHS1/LYST gene, coding for a pro- 
tein whose function is unknown, leads to the development of giant lysosomal struc- 
tures within cells, particularly haematopoietic and neurological tissue [40]. In neu- 
trophils, only the azurophil granules are affected, becoming giant cytoplasmic gran- 
ules [41]. In studies on peripheral blood neutrophils and bone marrow from affected 
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Figure 4 

The proteinase-antiproteinase cascade is at the “heart" of the process. Neutrophil elastase 
(NE) is prevented from causing tissue damage by a r AT and SLPI. a r AT can be inactivated 
by MMPs and this can be facilitated by NE as it will both activate MMPs by cleavage of pro- 
enzymes or inactivate TIMPs. Similarly SLPI can be inactivated by cathepsin B and this can 
also be facilitated by NE through activation of pro cathepsin B and inactivation of cystatin 
C. Both MMPs and cathepsin B can also cause tissue damage directly. 



patients, marrow cells contained normal quantities of neutrophil elastase and 
cathepsin G mRNA, but reduced enzyme concentrations (as measured by enzyme- 
linked immunoabsorbent assay and by activity assays), while mature circulating neu- 
trophils contained no measurable enzyme activity and the azurophil granules were 
negative on immunohistochemical staining for neutrophil elastase and cathepsin G 
[42], suggesting that the defect lies in the movement of enzymes to the azurophil 
granules rather than in transcription or activation. In another study, neutrophils 
from human patients with Chediak-Higashi syndrome exhibited markedly reduced 
exocytosis of myeloperoxidase from giant granules although that from secondary 
and specific granules was relatively normal [41]. An animal model with an analogous 
genetic defect to Chediak-Higashi syndrome exists, namely the beige mouse. These 
mice fail to have an appropriate neutrophilic response to acute infections, although 
interestingly this is associated with greater survival suggesting that a neutrophilic 
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response and proteolytic enzyme release may play some role in mortality [43]. Stud- 
ies on neutrophils from beige mice, however, have shown that they produce normal 
levels of cathepsin G and a latent proform of neutrophil elastase that can be activat- 
ed after release from the cell [44]. Furthermore a recent study found that it was pos- 
sible to induce a neutrophilic response and emphysema in these animals when 
exposed to intratracheal formyl-methionyl-leucyl-phenylalanine [45] suggesting the 
beige mouse is not entirely synonymous with Chediak-Higashi syndrome. 

Another inherited neutrophil disorder, the Papillon-Lefevre syndrome, is the 
result of a defect in the gene for cathepsin C (also known as dipeptidyl peptidase I), 
a lysosomal protease that activates the azurophil granule proteinases by cleaving a 
prodipeptide from the N-terminus. These patients suffer severe destructive peri- 
odontitis in early life, as well as palmoplantar keratosis [46], and an animal model 
has been developed [47]. While most studies have shown reduced random and direct- 
ed migration by neutrophils, impaired fusion of phagosomes with lysosomes and 
impaired bacterial killing by neutrophils, the lack of functional neutrophil serine pro- 
teinases does not appear to cause systemic immunodeficiency or impair survival, sug- 
gesting there may be a degree of ‘redundancy’ in the function of these enzymes, or 
else that they can be activated by other mechanisms after secretion as proenzymes. 

The role of proteolytic enzymes in the process of neutrophil migration from 
blood vessel to airway lumen is still uncertain. Although migration of neutrophils 
from patients with Chediak-Higashi syndrome [39] and Papillon-Lefevre syndrome 
[48] is impaired, neutrophils from neutrophil elastase (NE) and cathepsin G (CG) 
knockout mice migrate normally in vitro to chemotactic stimuli (NE [49]; CG [50]) 
and in vivo (NE [51, 52]; CG [50]) in response to infection, while bacterial killing 
and survival are adversely affected only in neutrophil elastase knockout mice 
[50]. This may also relate to redundancy of the various azurophil granule proteinas- 
es not only in knockout mice but also in humans, since the activity of all the 
azurophil granule proteinases is affected in Chediak-Higashi and Papillon-Lefevre 
syndrome. Even double knockout mice however, lacking both neutrophil elastase 
and cathepsin G, are able to mount a neutrophilic response with infiltration of sim- 
ilar or greater numbers of neutrophils into tissues both in response to fungal infec- 
tion and in a lipopolysaccharide-induced shock model, although clearance of fungi 
was impaired in single knockout mice and severely impaired in double knockout 
mice [51]. This again suggests the enzymes are not critical for cell migration. The 
fact that proteinase inhibitors fail to inhibit neutrophil chemotaxis across endothe- 
lial basement membranes in some in vitro studies [53-55] also supports this con- 
cept. However studies by other groups have suggested the enzymes do play a role, 
at least in migration across acellular membranes [38, 56, 57]. The issue therefore 
remains unresolved at present. Interestingly, double knockout mice were also pro- 
tected from the diffuse alveolar damage, vascular leak and shock lung that devel- 
oped in the wild-type mice in response to endotoxin [51] suggesting that these ser- 
ine proteinases are important effectors in tissue damage. 
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A list of the actions of neutrophil elastase possibly relevant to the pathological 
process in COPD is given in Table 1. 



Other enzymes 

Proteolytic enzymes other than neutrophil elastase have also been studied, though 
in less detail even though several have the ability to generate features of chronic lung 
disease. Nevertheless the basic principles that govern their role will be similar to 
those for neutrophil elastase. 



Other neutrophil serine proteinases 

Neutrophil cathepsin G (also stored within the azurophil granule) has been shown 
to induce mucous gland hyperplasia in vivo [9] and mucus secretion in vitro [11]. 
The third elastinolytic enzyme stored within the azurophil granule is proteinase 3. 
Again this enzyme has been shown to induce mucus secretion [58], but in addition 
has been shown to generate emphysema in experimental animals [59]. The major 
function of this enzyme remains unknown although it is expressed on the surface of 
neutrophils and is one of the two antigens for the autoantibodies associated with 
Wegener’s granulomatosis [60]. Indeed activation of neutrophils by cross-linking 
surface proteinase 3 and the FcyRllA receptor by autoantibodies is thought to be 
central to the pathogenesis of the disease [61]. This process of cross-linking can be 
abrogated by cq-AT [62], which may explain why Wegener’s granulomatosis 
appears to be both more common [63] and more aggressive [64] in patients with oq- 
AT deficiency. 

Other serine proteinases identified in the airways include mast cell-derived 
tryptase and chymotryptase, which can degrade matrix components, activate pro- 
teinase-activated receptors and matrix metalloproteinases, and help to recruit 
inflammatory cells [65]; their significance however in COPD is unknown. 



Cysteine proteinases 

The cysteine proteinase cathepsin B has been shown to induce emphysema [66] and 
bronchial disease [67] in experimental animals. The source of this enzyme is large- 
ly unknown, although it may be produced by macrophages [68] and epithelial cells 
[69]. The enzyme however is secreted in a latent form into the airways and has to 
be activated by cleavage of the pro-enzyme, which can be achieved with neutrophil 
elastase [70]. It is possible therefore that if cathepsin B plays a role in lung disease 
it is via a cascade that requires neutrophil elastase in order to activate the cathepsin 
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B. Neutrophil elastase can also inactivate cystatin C, the main inhibitor of cathep- 
sin B [70], while cathepsins B, L and S can inactivate secretory leukoproteinase 
inhibitor (SLPI) a major physiological inhibitor of NE in the lungs [71], and cathep- 
sin L can inactivate oq-AT [72] (see Fig. 3). Cathepsins L and S are produced by 
macrophages, and have elastinolytic activity [73, 74], but their role in COPD is not 
clear. In lung secretions, more cystatin C and cathepsin L are present in bron- 
choalveolar lavage fluid (BALF) from smokers with emphysema compared to smok- 
ers without emphysema [75]. Whether this indicates a pathogenic proteinase/anti- 
proteinase balance remains unknown. 



Metalloproteinases 

These enzymes are named for their proteolytic activity on matrix constituents, 
requiring a metal ion within their structure for catalytic activity. They constitute a 
large family of structurally similar enzymes, present throughout the body, with an 
important role in cell signalling as well as in matrix remodelling. Nomenclature is 
complex and a reference list is given in Table 2. 

Recent studies have suggested that metalloproteinases may play a role in the 
pathogenesis of emphysema. Macrophages and neutrophils produce a number of 
metalloproteinase elastases and collagenases. Studies with knockout mice for 
macrophage metalloelastase (MMP-12) have indicated that they are fully protected 
against the development of emphysema in response to cigarette smoke [76], whilst 
knocking out the neutrophil elastase gene in mice only leads to reduction of the 
development of cigarette-smoke induced emphysema by a third [77]. It is possible 
however that in MMP-12 knockout mice, protection against emphysema was relat- 
ed to failure to induce a neutrophilic inflammatory response rather than loss of the 
direct elastinolytic effect of MMP-12 itself. Further studies have shown that the 
extent of acute smoke-induced elastin and collagen degradation, as measured by 
breakdown products in BAFF, correlated with the number of neutrophils, not 
macrophages [78]. Furthermore, in a guinea-pig model of cigarette smoke-induced 
emphysema, administration of a synthetic neutrophil elastase inhibitor reduced the 
neutrophil recruitment into the lungs and the acute elastin and collagen degradation 
to control levels, and significantly reduced airspace enlargement [79]. In mice 
exposed to cigarette smoke, oq-AT reduced cytokine transcription and release, sug- 
gesting that the inflammation was also serine proteinase dependent [80]. Other 
studies have shown that a! -AT (which will not inhibit metalloproteinase activity) 
can prevent the early connective tissue destruction that occurs when these animals 
are exposed to smoke, indicating that serine proteinases play at least an early role 
[78]. Furthermore, although MMP-12 is the predominant metalloelastase of the 
murine macrophage, human macrophages produce a broader spectrum of elastases. 
Therefore, while these animal models clearly demonstrate the importance of MMP- 
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Table 2 - 


Matrix metal loproteinases studied in COPD 






MAAP 


Name 


Main ECM 


Serine protease Other 






substrates 


inhibitors 

degraded* 


substrates 


MMP-1 


Collagenase-1 


Collagens l-lll, VII, VIII, 


o^-ACT, a 2 -M, fibrin, fibrinogen, 






X, XI, fibronectin, gelatin, 


o^-AT 


IL-1|3, proTNF-a, 






laminin 




ciq 


MMP-2 


Gelatinase-A 


Collagens 1, lll-V, VII, X, 


c^-ACT, c^-AT fibrin, fibrinogen, 






XI, elastin, fibrillin, fibro- 




Ciq, substance P, 






nectin, gelatin, laminin 




IL-ip, proTNF-a, 
proTGF-p, 

T kininogen 


MMP-3 


Stromelysin-1 


Collagens lll-V, VII, IX— XI, 


c^-ACT, a 2 -M, 


fibrin, fibrinogen, 






elastin, fibrillin, fibronectin, 


o^-AT 


Ciq, proTNF-a, 






gelatin, laminin 




IL-1 (3, E-cadherin, 
plasminogen 


MMP-7 


Matrilysin 


Collagens 1, IV, elastin, 


o^-AT 


E-cadherin, 






fibronectin, gelatin, laminin 




proTNF-a, 

plasminogen, 

fibrinogen 


MMP-8 


Collagenase-2, 


Collagens l-lll 


a 2 -M, o^-AT 


Ciq, fibrinogen, 




neutrophil 

collagenase 






substance P 


MMP-9 


Gelatinase B 


Collagens IV, V, XI, XIV, 


a 2 -M, c^-AT 


Ciq, fibrin and 






elastin, fibrillin, gelatin, 




fibrinogen, IL-1 p, 






laminin 




proTGF-p and pro- 
TNF-a, plasmino- 
gen, substance P 


MMP-10 


Stromelysin-2 


Collagens lll-V, elastin, 
fibronectin, gelatin 




fibrinogen 


MMP-12 


Macrophage 


Collagens 1, IV, elastin, 


a 2 -M, o^-AT 


factor XII, fibrino- 




metallo-elastase fibrillin, fibronectin, 




gen, proTNF-a, 






gelatin, laminin 




plasminogen 


MMP-14 


Membrane type Collagens l-lll, fibronectin, 


a 2 -M, a^AT 


factor XII, fibrin, 




(MT)I-MMP 


gelatin, laminin 




fibrinogen, pro- 
TNF-a, ProMMP2 



*MMPs lose catalytic activity on binding a 2 -macroglobulin because of steric hindrance, and 
the complexed MMP-a 2 -macroglobulin is eventually cleared by endocytosis. a r ACT, a r 
antichymotrypsin; a r M, a 2 -macroglobulin; a r AT, a r -antitrypsin. Adapted from [128]. 
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12 in the pathogenic processes involved in emphysema, the evidence still points to 
neutrophil elastase as a key effector enzyme in lung destruction in both mouse and 
man. 

It is possible that cigarette smoking induces a cascade of events, which may 
involve inactivation of several inhibitors and activation of several enzymes. For 
instance, MMP-12 [81] and MMP-9 [82] have been shown to inactivate a r AT and 
neutrophil elastase inactivates the tissue inhibitors of metalloproteinases (TIMPs) 
[83] which are the natural inhibitors of enzymes such as MMP-12. Furthermore 
neutrophil elastase can activate MMP pro-enzymes [84, 85] suggesting an even 
more complex interaction, as illustrated in Figure 4. Either or both processes there- 
fore would result in a failure to control the relevant proteinase appropriately, result- 
ing in persistent activity of both the neutrophil and macrophage enzymes. It is like- 
ly that the only way to resolve the issues of the key enzyme effecting tissue damage 
in what could be a circuitous process will be the subsequent use of specific enzyme 
inhibitors in human studies. 

More recently the role of TNF-a in acute lung tissue breakdown after cigarette 
smoke exposure in MMP-12 knockout mice has been assessed [86]. Smoke-exposed 
macrophages from MMP-12 knockout mice exhibited normal induction of expres- 
sion of TNF-a mRNA but failed to release biologically active protein, and this could 
be reproduced with the use of an inhibitor of MMP-12 in macrophages from wild- 
type mice. The authors hypothesised that MMP-12 could convert latent TNF-a pro- 
tein to an active form. Because TNF-a induces expression of endothelial adhesion 
molecules necessary for neutrophil recruitment, the lack of MMP-12 would prevent 
this response. The implications are that neutrophil elastase remains the key effector 
of lung damage while MMP-12 is crucial in initiating the inflammatory response by 
means of its ability to modulate adhesion molecule expression via TNF-a activation. 

MMPs with collagenolytic activity have also been implicated in experimental 
animal models. A transgenic mouse expressing MMP-1 (human collagenase-1) had 
increased airspace enlargement suggestive of emphysema [87]. However this human 
enzyme would be expressed during neonatal and postnatal development, indicating 
that the pathological changes could be developmental rather than acquired. Never- 
theless, there have been studies in man indicating that collagenase activity is 
detectable in lavage fluids and is probably derived from activated macrophages [88]. 
Again interpretation of these data is difficult with particular reference to cause or 
effect. Of interest, the patients with emphysema who had ceased smoking still had 
similar detectable collagenase activity [88]. Since smoking cessation is the single 
intervention that is proven to reduce the progression of emphysema, the continued 
presence of collagenase suggests it is an effect rather than cause of emphysema. 
Interestingly, in the same study neutrophil elastase activity was also detected in 
lavage samples but was largely absent in those individuals who had ceased smoking, 
providing further indirect evidence suggesting that neutrophil elastase plays a more 
important role. 
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Several studies have assessed the presence of MMPs in tissue and secretions 
from patients with COPD. Immunohistochemistry comparing lung tissue from 
patients with COPD and healthy controls have produced varying data. Increased 
tissue staining for MMP-1, MMP-8 (collagenase-2,), MMP-2 (gelatinase A) and 
MMP-9 (gelatinase B) was found in patients compared to controls [89]. On the 
other hand, in another study negative tissue staining for MMPs-1, -8, -9 and TIMP- 

1 protein was observed in lung tissue from both patients or controls although pos- 
itive staining was seen for MT (membrane type) 1-MMP and MMP-2 protein in 
alveolar macrophages, pneumocytes and fibroblasts, and positive staining for 
MMPs-1, -2, -9 and TIMPs 1 and 2 mRNA. A statistically significant increase in 
MMP-2 and MMP-9 mRNA was found in emphysema. Furthermore, homogenized 
lung from patients with emphysema contained greater collagenolytic and gelati- 
nolytic activity than controls, and the gelatinolytic activity originated from MMPs- 

2 and 9. MMP-1 2 elastinolytic activity was not found, nor was activity of NE sig- 
nificantly elevated in patients [90]. Positive staining for MMP-1 mRNA and protein 
in the type II pneumocyte and lung tissue has also been described in patients with 
COPD [91]. 

Studies on induced sputum showed increased MMP-9 and TIMP-1 in patients 
with COPD and asthma compared to controls, together with an increased cell count 
in COPD [92]. Furthermore the MMP-9 concentration correlated with the absolute 
numbers of neutrophils and macrophages. However the MMP-9 appeared to be in 
its inactive form, perhaps owing to the large excess of TIMP-1 in the stable state. A 
later study showed that the increased MMP-9 in sputum of patients with COPD and 
asthma was not due to increased secretion by blood granulocytes [93]. When 
macrophages were isolated from BALF from patients with COPD or controls, 
enhanced MMP-1 and MMP-9 expression was found, compared to macrophages 
from controls [94, 95]. Finlay et al. [88] found elevated mRNA and protease activ- 
ity for MMPs-1 and 9 in AM from BALF from patients compared to controls, 
whereas expression of MMPs-2 and -12 was not altered, and secretion of these two 
enzymes did not appear to occur in vitro. 

The variability in the findings of such observational studies in humans suggests 
that there may be changing profiles of MMP expression and activation throughout 
the natural history of the disease, in relation to current smoking or cessation of 
smoking. It should be noted however that patient characterization is usually super- 
ficial and the COPD phenotypes as well as source of the samples may vary greatly. 
Furthermore, it is necessary to assess enzyme activity as well as immunological pres- 
ence, in view of the complex activation systems of MMPs. Finally MMPs often 
remain on the cell membrane where they participate in cell signaling activities, so 
that studies of secretions may not reveal the true contribution from these enzymes. 

Nevertheless genetic polymorphisms of MMP-1, -9, -12 and TIMP-2 have been 
linked to smoking-induced emphysema [96-98] although the clinical and patholog- 
ical significance remains uncertain at present. 
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Other roles of proteinases 

Many allergens have been shown to be proteinases, which has raised interest in the 
mechanisms whereby these enzymes stimulate the immune system. It has been sug- 
gested that the enzymes digest intracellular adhesion molecules allowing them access 
to the sub-epithelial regions of the lung where they can directly stimulate the host 
immune response [99]. There is also some evidence to suggest that house dust mite 
proteinases may damage the antiproteinase screen [100] and components of the 
immune system such as CD23 [101]. Whether these enzymes play a role in COPD 
remains unknown. 

Bacteria also release proteolytic enzymes, although the role of these enzymes is 
also largely unexplored. Nevertheless, recent information has suggested that a ser- 
ine proteinase from Haemophilus influenzae may play a key role in promoting 
colony formation in the airway and therefore may be central to colonisation and 
infection [102]. This process could be central to airways inflammation and acute 
exacerbations of COPD. It remains to be seen whether this enzyme plays a role in 
patients with established lung disease and whether it is influenced by lung inhibitors. 



Conclusion 

In conclusion, proteinases potentially play a key role in the pathogenesis of many of 
the pathological and clinical features of COPD. Many enzymes have been implicat- 
ed although lack of understanding of the limitations of animal models, diversity of 
methods of human sample collection and patient demography has led to some con- 
fusion. Understanding the mechanisms involved enables the rational development of 
new therapeutic strategies and these will be necessary to clarify the exact role of 
individual enzymes. 
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Introduction 

Airway mucus hypersecretion is a cardinal feature of chronic obstructive pulmonary 
disease (COPD) (Fig. 1). Or is it? In fact, mucus hypersecretion, implicit in the term 
chronic bronchitis, is one of three pathophysiological entities comprising COPD, the 
other two being chronic bronchiolitis (small airways disease) and emphysema (alve- 
olar destruction). The relative contribution of each component to pathophysiology 
varies between patients, with the impact of mucus hypersecretion on morbidity and 
mortality varying accordingly. Thus, although previously included in definitions of 
COPD [1], the term “mucus hypersecretion” is omitted from current definitions [2]. 
Nevertheless, there are many patients in whom hypersecretion has clinical signifi- 
cance, for example patients prone to chest infections [3]. Consequently, it is impor- 
tant to understand the mechanisms underlying mucus hypersecretion in COPD. This 
in turn should allow identification of pathophysiological targets and rational devel- 
opment of pharmacotherapeutic drugs. The present chapter: 1 ) assesses the role of 
airway mucus hypersecretion in the pathophysiology of the “bronchitic” compo- 
nent of COPD, 2) considers the clinical impact of mucus hypersecretion in COPD, 
and 3) discusses potential novel therapy for this condition. The chapter begins with 
a brief overview of airway mucus and mucins. 



Airway mucus and mucins 

In health, a thin film of slimy liquid protects the airway surface [4]. The liquid is 
often referred to as ‘mucus’ and is a complex 1-2% aqueous solution of salts, 
enzymes and anti-enzymes, oxidants and antioxidants, bacterial products, antibac- 
terial agents, cell-derived mediators and proteins, plasma-derived mediators and 
proteins, and cell debris such as DNA. The mucus forms an upper gel layer and a 
lower sol layer. Inhaled particles are trapped in the gel layer and, by transportation 
on the tips of beating cilia, are removed from the airways, a process termed mucocil- 
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Figure 1 

Mucus hypersecretion in CO PD. Mucus (M) occluding a small airway in a cigarette smoker 
with chronic sputum production. 



iary clearance. Airway mucus requires an optimal combination of viscosity and elas- 
ticity for efficient ciliary interaction. Viscoelasticity is conferred primarily by high 
molecular weight mucins that comprise up to 2% by weight of the mucus [5]. Air- 
way mucins are produced by epithelial goblet cells and submucosal glands. Mature 
mucins are long thread-like molecules composed of monomers joined end-to-end by 
disulphide bridges. The monomers comprise a highly glycosylated linear peptide 
sequence, termed apomucin, that is encoded by specific mucin (MUC) genes. Sev- 
enteen human MUC genes are reported to date, namely MUC1, 2, 3 A, 3B, 4, 5 AC, 
5B, 6-9, 11-13 and 16-18 [5-9]. The MUC5AC and MUC5B gene products are the 
major gel forming mucins in “normal” respiratory tract secretions [5]. 



Pathophysiology of mucus hypersecretion in COPD 

The pathophysiology of mucus hypersecretion in COPD has characteristic features. 
Some features, such as sputum production, are shared with other hypersecretory res- 
piratory diseases, for example asthma. Other features appear to be specific for 
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COPD 

_ MUC5B > MUC5AC » MUC2 



Asthma 

MUC5B & MUC5AC » MUC2 




Figure 2 

Differences in airway mucus pathophysioiogy between COPD and asthma. Compared with 
normal , in COPD there is increased luminal mucus , goblet cell hyperplasia , submucosal 
gland hypertrophy (with an increased proportion of mucous to serous acini), an increased 
ratio of mucin (MUC) 5B (low charge glycoform) to MUC5AC, small amounts of A/I UC2, and 
respiratory infection. Pulmonary inflammation includes macrophages and neutrophils. In 
asthma r there is increased luminal mucus r epithelial ' fragility marked goblet cell hyperpla- 
sia, submucosal gland hypertrophy (although without an increased mucous to serous ratio), 

1 tethering f of mucus to goblet cells, and plasma exudation. Airway inflammation includes T 
lymphocytes and eosinophils. Many of these differences require more data from greater 
numbers of subjects. 



COPD (see below). Differences in mucus pathophysiology between COPD and asth- 
ma have been discussed previously [10], and are summarised in Figure 2. In addition, 
the pulmonary inflammation of COPD (essentially a macrophage-driven neutrophil- 
ia) that induces the hypersecretory phenotype of COPD is different to asthma. 

Sputum production, up to 100 ml per day in some patients, is associated with 
excessive airway mucus (Fig. 1) [11-13]. The increased mucus is associated with 
goblet cell hyperplasia [11, 14] and submucosal gland hypertrophy [11, 12, 15, 16]. 
In particular, gland mucous cells are markedly increased relative to serous cells [17]. 
This is in contrast to asthma where the glands, albeit hypertrophied, were otherwise 
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morphologically normal. Gland size correlates with amount of luminal mucus and 
daily sputum volume [15]. Although not necessarily causal, the latter observation 
suggests a strong relationship between gland hypertrophy and mucus hypersecretion 
in COPD. 

Not all COPD patients exhibit all of the above features of hypersecretion. Not 
every patient expectorates, and there is overlap in gland size with healthy non-smok- 
ers, and also between sputum producers and non-producers [14, 16, 18-20]. 
Although goblet cell hyperplasia is associated with degree of airway inflammation, 
gland size is not [14]. Goblet cell hyperplasia is not noted in all patients [12, 17]. 
Thus, although considered a general feature of COPD, mucus hypersecretion is not 
diagnostic in all cases. 

The mucin composition of airway mucus in patients with COPD may be abnor- 
mal. Mucins in sputum are less acidic than normal [21], which may relate to altered 
glycosylation. MUC5AC and a low charge glycoform of MUC5B are the major 
mucin species in patients with COPD [22-25], with the low charge glycoform 
increased above normal levels [26]. The significance to bacterial colonisation of the 
change in MUC5B glycoforms in unclear. However, COPD patients are prone to res- 
piratory infection [2]. 

In contrast to normal airways, goblet cells in COPD contain not only MUC5AC 
but also MUC5B [24, 27] and MUC2 [5]. This distribution is different to that in 
patients with asthma or cystic fibrosis (CF), where MUC5AC and MUC5B show a 
similar histological distribution to normal controls [28, 29]. Although not found 
consistently [13, 23], MUC2 may be increased in “irritated” airways, including 
COPD [5, 26, 30]. 



Cilia and mucociliary clearance in COPD 

In addition to abnormalities in airway mucus in COPD, there are also abnormali- 
ties in ciliated cells and cilia. The number of ciliated cells and ciliary length is 
decreased in patients with chronic bronchitis [31]. Ciliary aberrations include com- 
pound cilia, cilia enclosed within periciliary sheaths, and cilia with abnormal 
axonemes or intra-cytoplasmic microtubule doublets [32]. These abnormalities cou- 
pled with mucus hypersecretion are associated with reduced mucus clearance and 
airway obstruction. 

Airway mucus clearance is impaired in patients with COPD [33]. There are often 
discrepancies between studies, due invariably to differences in methodology [34], 
but may also be due to observations made at different stages of disease. The validi- 
ty of studies in COPD is dependent upon patient selection and the exclusion of 
patients with asthma [35]. Lung clearance is significantly reduced in heavy smokers 
[36] and in patients with chronic bronchitis [37]. Forced expirations and cough 
compensate relatively effectively for decreased mucus clearance in patients with 
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chronic bronchitis but not in patients with emphysema where lung elastic recoil is 
impaired [38, 39]. 



Epidemiology of mucus hypersecretion in COPD 

The role of mucus in pathophysiology and clinical symptoms in COPD is contro- 
versial [10]. Epidemiological studies sampling hundreds to thousands of subjects in 
the late 1970s and ’80s found scant evidence for the involvement of mucus in either 
the mortality or accelerated age-related decline in lung function associated with 
COPD [40-44]. In all studies, sputum production was the index of mucus hyper- 
secretion. However, the relationship between sputum production and mucus hyper- 
secretion, particularly in the small airways, the main site of airflow obstruction, is 
unclear. Nevertheless, the consensus of these studies was that airflow obstruction 
and mucus hypersecretion were largely independent disease processes. 

In contrast, a number of studies in the late 1980s and ’90s found positive asso- 
ciations between sputum production and decline in lung function, hospitalisation 
and death [45-49]. Some of these reports were re-examinations of the same patients, 
now older, reported previously. Of note is the observation that incidence of death 
was related to increased risk of patients with phlegm production to die of respira- 
tory infection [3]. Thus, although not strongly associated with disease progression 
in all cases, mucus hypersecretion contributes to morbidity and mortality in certain 
groups of patients with COPD, particularly those prone to infection, and possibly 
as patients age. This highlights the importance of developing drugs that inhibit 
mucus hypersecretion in these patients. 



Pharmacotherapy of mucus hypersecretion in COPD 

The clinical symptoms of cough and sputum production, coupled with a perception 
of the importance of mucus hypersecretion in the pathophysiology of a number of 
severe lung conditions, including COPD, has prompted renewed interest in research 
into airway hypersecretion and, in concert, in development of drugs targeting 
mucus. It should be noted that COPD has specific trigger factors, “profile” of pul- 
monary inflammation and mucus hypersecretory phenotype (Fig. 2), and specific 
drugs may be required to fulfil the theoretical requirements for treatment of hyper- 
secretion in COPD (Tab. 1). The following sections consider different approaches to 
inhibition of mucus hypersecretion in COPD, starting with suppression of lung 
inflammation, possibly the most beneficial therapy overall (Fig. 3). Other approach- 
es include neural inhibition, inhibition of mucin secretion, and inhibition of MUC 
gene expression, mucin synthesis and goblet cell hyperplasia (Fig. 4). Finally, com- 
pounds altering mucus properties are discussed. 
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Table 1 - Theoretical requirements for pharmacotherapy of mucus pathophysiology in COPD 


Overall effect 


Component effects 


Facilitate mucus clearance 
(short-term relief of symptoms) 

Reverse hypersecretory phenotype 
(long-term benefit) 


Reduce viscosity (increase elasticity) 

Increase ciliary function 
Induce cough 

Reduce submucosal gland size 

Correct increased gland mucous:serous cell ratio 

Reduce goblet cell number 

Reverse increased lcgf-MUC5B:MUC5AC ratio 



Icgf, low charge glycoform; MUC mucin gene product 



Anti-inflammatory therapy 

Anti-inflammatory drugs should have beneficial effects on mucus hypersecretion in 
COPD. For example, glucocorticosteroids inhibit mucus secretion, goblet cell hyper- 
plasia and MUC gene expression in experimental systems [50]. However, in contrast 
to asthma where they are clinically effective, in part due to an anti-hypersecretory 
action, glucocorticoids have limited effectiveness in stable COPD. In contrast, 
inhalation of the non-steroidal anti-inflammatory drug indomethacin, a cyclo-oxy- 
genase (COX) inhibitor with no therapeutic benefit in asthma, reduces mucus out- 
put in patients with chronic bronchitis [51]. Selective COX-2 inhibitors with 
reduced gastrointestinal activity are on the market, including rofecoxib, celecoxib 
and eterocoxib, but not for COPD. The difference in efficacy of conventional anti- 
inflammatory drugs between COPD and asthma highlights the need to define the 
differences in inflammatory profile and hypersecretory phenotype between the two 
conditions. 



Epoxygenase inducers 

In addition to COX, cytochrome P-450 enzymes, termed epoxygenases, also 
metabolise arachidonic acid and regulate inflammation [52]. Epoxygenase activity 
catalyses the production of epoxy acids, hydroxy acids and hepoxilins. An inducer 
of epoxygenase, benzafibrate, inhibits airway goblet cell hyperplasia in a rat model 
of chronic bronchitis [53]. The mechanisms underlying the inhibition are unclear, 
but include production of anti-inflammatory mediators and reduction in amount of 
“available” arachidonic acid. Development of epoxygenase inducers, or of selective 
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Figure 3 

Relationship between neutrophilic inflammation in COPD and generation of a hypersecre- 
tory phenotype (e.g., goblet cell hyperplasia). Interactions between inhaled pollutants (e.g., 
cigarette smoke), macrophages and epithelial cells generate neutrophil chemoattractants , 
with resultant release of factors that induce mucus hypersecretion. The sequence of initiat- 
ing events can be inhibited at different levels. PDE r phosphodiesterase. 



eopxyeicosanoids, is a completely novel potential therapy for the inflammation and 
mucus hypersecretion of COPD. 



Neutrophil inhibitors 

In contrast to asthma, where most of the inflammatory mediators implicated in 
pathophysiology have effects on mucus [54], very few mediators in COPD have direct 
effects on mucus. However, neutrophil activation, with production of proteases and 
oxidants, induces mucin synthesis and goblet cell hyperplasia [55]. Consequently, 
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Figure 4 

Pathophysiological " cascade " underlying mucus hypersecretion in COPD and sites of action 
of 'anti -hypersecretory' drugs (some compounds may act at more than one site , and the pre- 
cise site of action of some compounds is unclear). CLCA, calcium activated chloride chan- 
nel; COX , cy do- oxygenase ; EGFR r epidermal growth factor receptor; MAPK, mitogen acti- 
vated protein kinase ; MARCKS, myristoylated alanine-rich C kinase substrate; MEK, mito- 
gen-activated protein kinase kinase; A/I UC, mucin (gene/protein). 



inhibition of neutrophil influx to chemotactic factors such as LTB 4 , IL-8 and GROa 
might have indirect beneficial effects on mucus hypersecretion in COPD. LTB 4 signals 
via BLT\ receptors, and IL-8 and GROa (CXC chemokines) via the CXCR2 receptor. 
Small molecule antagonists at BLT^ receptors, for example LY29311 and SB201146, 
and at CXCR2 receptors, for example SB265610, are in clinical development. Phos- 
phodiesterase (PDE)-4 inhibitors also inhibit airway neutrophilia [56]. 



Protease inhibitors 

Neutrophil elastase, cathepsin G and proteinase-3 have potent effects on airway 
mucus [57, 58]. Protease inhibitors may, therefore, inhibit mucus hypersecretion in 
COPD. Trifluoromethyl ketone human neutrophil elastase inhibitors such as ICI 
200,355, inhibit neutrophil and elastase-mediated hypersecretory responses [59]. 
Other small molecule inhibitors such as ONO-5046 [60] are in development. Inter- 
estingly, the macrolide antibiotics erythromycin and flurythromycin have anti-neu- 
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trophil elastase activity, with erythromycin acting as a false substrate, and flury- 
thromycin being an inactivator [61]. 



Inhibitors of reactive gas species 

Oxidant stress is considered a pathophysiological feature of COPD [62]. In addi- 
tion, exhaled nitric oxide (NO) is elevated in COPD [63]. Both oxidants and NO 
have significant effects on airway mucus and goblet cells [55,64]. Consequently, 
antioxidants and inhibitors of inducible NO synthase (iNOS) may have therapeutic 
benefit for mucus hypersecretion in COPD. N-acetylcysteine is a mucolytic agent 
that also has antioxidant properties, and is useful in exacerbations of COPD [65]. 
A variety of other classes of antioxidant are being investigated, including superox- 
ide dismutase mimetics such as M40403 and spin trap compounds such as 
U101033E. Similarly, a variety of selective small molecule iNOS inhibitors are in 
development, including GW273629 and L-NIL. 



Neural inhibitors 

Neural mechanisms may contribute to the pathophysiology of mucus hypersecretion 
in COPD [66]. Neural influences can be suppressed by neurotransmitter receptor 
antagonists, inhibition of nerve activation and inhibition of neurotransmitter release. 



Anticholinergics 

Inhaled anticholinergics are conventional therapy in COPD [2]. Although adminis- 
tered as bronchodilators, part of their activity may be anti-secretory. Cholinergic 
nerve activity is the dominant drive to airway secretion, an effect mediated via mus- 
carinic M 3 receptors on the secretory cells [66]. The autoinhibitory M 2 receptor reg- 
ulates the magnitude of secretion. Non-selective muscarinic antagonists such as 
ipratropium bromide and oxitropium bromide have beneficial effects on airway 
mucus with concomitant, albeit modest, improvements in lung function [67, 68]. 
Anticholinergics with selectivity for the M 3 receptor over the M 2 receptor may have 
therapeutic benefit over non-selective compounds, for example tiotropium [69] and 
J104129 [70]. 



Tachykinin receptor antagonists 

Neuronal C-fibres containing substance P (SP) and neurokinin A (NKA) form a sen- 
sory neural system with a motor function [66]. SP and NKA increase airway mucin 
secretion via interaction with tachykinin NK t receptors. Thus, activation of these 
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nerves might contribute to the pathophysiology of hypersecretion in COPD. Many 
tachykinin receptor antagonists are in development [71]. These include peptide and 
non-peptide antagonists selective for the NK 1? NK 2 or NK 3 receptor, as well as dual 
antagonists at NKj and NK 2 receptors. Few of these are in clinical trial for airway 
diseases, and the results from a limited number of trials in asthma have for the most 
part been inconclusive [66]. 



Inhibition of neurotransmitter release 

Inhibition of both cholinergic and sensory nerves might be required for effective 
control of neurogenic hypersecretion, but would entail use of more than one antag- 
onist. This could be resolved using a single inhibitor of neurotransmitter release, or 
of nerve activation. Neurotransmitter release from sensory and cholinergic nerves, 
with concomitant inhibition of neurogenic secretion, can be inhibited by activation 
of several types of prejunctional receptor, in particular p and 6 opioid receptors [66]. 
Cannabinoids also inhibit acetylcholine release [72] via interaction with prejunc- 
tional CB 2 receptors (rather than the CB! receptor that mediates the central effects 
of cannabinoids). CB 2 selective agonists, such as AM1241 and SR144528, might, 
therefore, be useful in reducing neurogenic airway hypersecretion. 

Many of the prejunctional inhibitory receptors on airway nerves work via a com- 
mon mechanism that involves opening of large conductance calcium-activated 
potassium (BK Ca ) channels [66]. Drugs that open BK Ca channels such as NS1619 
are, therefore, potential treatments for neurogenic hypersecretion, but to date no 
clinical studies are reported. 



Inhibition of nerve activation 

The vanilloid VR-1 receptor mediates activation of sensory nerves to a variety of 
stimulants [73]. Selective VR-1 antagonists, such as capsazepine, are in develop- 
ment. Cannabinoids also inhibit sensory nerve activation, including the endogenous 
cannabinoid anandamide, which also inhibits VR-1 [74]. 



Inhibition of secretion 

Inhibition of secretion is a therapeutic option for mucus hypersecretion in COPD. 
However, inhibition of secretion could lead to excessive accumulation of intracellular 
mucins, with unknown, and potentially detrimental, effects on goblet cell function. 



Myristoylated alanine-rich C kinase substrate (MARCKS) 

MARCKS protein is a key intracellular molecule involved in intracellular movement 
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and exocytosis of mucin granules [75]. Blockade of MARCKS by a synthetic pep- 
tide to its N-terminal region inhibited mucin secretion by normal human bronchial 
epithelial cells in vitro. If MARCKS was a key secretory signalling molecule in 
humans in vivo , inhibition of MARCKS may be a therapeutic option for mucus 
hypersecretion in COPD. 



Munc inhibitors 

The Secl/Muncl8 family are critical to exocytosis in a variety of secretory cells includ- 
ing airway goblet cells. Intriguingly, experimental induction of Muncl8B induces a 
marked airway hypersecretory phenotype [76]. Inhibition of Muncl8B using antisense 
technology is being investigated with a view to inhibition of mucus hypersecretion. 



Inhibition of goblet cell hyperplasia 

Increased MUC gene expression, mucin synthesis and goblet cell hyperplasia appear 
to be linked processes that are regulated by a number of inflammatory mechanisms. 



Epidermal growth factor receptor (EGF-R) tyrosine kinase inhibitors 
Airway EGF-R expression is induced by a variety of experimental procedures perti- 
nent to the pathophysiology of COPD including TNF-a, agarose plugs (mimicking 
airway irritation) and oxidative stress. EGF-R up-regulation, with signalling via 
EGF-R tyrosine kinase, appears to be a central signalling event for induction of mu- 
cin synthesis and goblet cell hyperplasia [55]. Inhibitors of EGF-R tyrosine kinase, 
for example AG1478, BIBX1522 and ZD 18 39 (Iressa), block these responses. Iressa 
is in clinical trial for cancer, but not yet for COPD or similar respiratory diseases. 



Mitogen activated protein kinase (MAPK) inhibitors 

The p38 MAP kinase and ERK MAP kinase pathways appear pivotal in a number 
of intracellular signalling pathways leading to mucin synthesis and goblet cell hyper- 
plasia [77]. For example, the hypersecretory response to oxidative stress is blocked 
by a selective MAPK kinase (MEK) inhibitor, PD98059 [78]. This same inhibitor 
blocked MUC5AC expression induced in vitro by vanadium, an active component 
of the industrial air pollutant residual oil fly ash [79]. Small molecule inhibitors are 
in development, for example SB 203580 and SB 239063. 



Calcium-activated chloride channel inhibitors 

Calcium-activated chloride (CFCA) channels (originally reported as Gob-5) are 
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another cellular moiety that appears to be critically involved in development of an 
airway hypersecretory phenotype. In mice, suppression of mCLCA3 inhibits goblet 
cell hyperplasia, whereas overexpression increases goblet cell number [80]. Lomucin 
(MSI 1956) is a small molecule putative inhibitor of hCLCAl that is currently in 
clinical trial for hypersecretory airway diseases. The results of these trials are await- 
ed with great interest. 



Induction of goblet cell apoptosis 

Hyperplastic airway goblet cells in COPD models express the antiapoptotic factor 
Bcl-2 [81]. Conversely, the pro-apoptotic factor Bax is crucial for resolution of 
hyperplasia [82]. Thus, the balance between Bcl-2 and Bax may determine mainte- 
nance of goblet cell hyperplasia. Targeted reduction of Bcl-2 expression by antisense 
oligonucleotides (ODN64 or ODN83] causes a dose-dependent resolution of hyper- 
plasia. 



Antisense oligonucleotides 

Antisense technology is developing rapidly and oligomers for a number of gene 
products are already available. An antisense oligonucleotide to MARCKS down- 
regulated both mRNA and protein levels and also attenuated mucin secretion 
[75]. In addition, an 18-mer MUC antisense oligomer suppressed mucin gene 
expression and wood smoke-induced epithelial metaplasia in rabbit airways 
[83]. 



Alteration of mucus properties 

There are a number of approaches to alter the biophysical properties of mucus, in 
general to aid clearance. 



Mucoactive drugs 

Numerous compounds with potentially beneficial actions on mucus are listed in 
pharmacopoeias worldwide, including N-acetylcysteine, ambroxol, bromhexine and 
carbocysteine [65]. However, in contrast to their abundance and availability, 
mucolytic-mucoactive drugs are not generally recommended in management of 
COPD [2]. Inconsistency and imprecision in design of clinical trials has hindered the 
clinical evaluation of these compounds [84]. In phase I trial in patients with CF, 
Nacystelyn, a lysine derivative of N-acetylcysteine with greater mucolytic and 
antioxidant activity [85], has beneficial effects on airway mucus [86]. 
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Purinoceptor Piyi receptor agonists and antagonists 

The purine nucleotides, adenosine 5 ’-triphosphate (ATP) and uridine triphosphate 
(UTP), are stimulants of airway mucin and water secretion [87,88]. These activities 
are perceived to have therapeutic significance in hypersecretory disorders of the air- 
ways, including COPD, and are mediated via P 2 y 2 receptors. Consequently, P 2Y 2 
antagonists might be effective in inhibiting airway hypersecretion. However, mucus 
hydration is associated with improvements in mucociliary clearance. Consequently, 
stimulation of water secretion is currently perceived to be of greater therapeutic 
potential than inhibition of P 2Y2 -mediated mucin secretion [4], and there is consid- 
erable interest in development of P 2Y2 agonists. In phase I clinical trial, a second gen- 
eration P 2Y2 agonist, INS3 65, was safe, well tolerated and significantly enhanced 
sputum expectoration [87]. The compound is now in phase II trials. 



M acrolide antibiotics 

Antibiotic therapy for acute infections is recommended in the management of 
COPD [2], Erythromycin is a macrolide antibiotic that inhibits mucin secretion in a 
variety of experimental preparations, including human airways [10], and anecdo- 
tally reduces excessive mucus secretion in patients [89]. The mechanism of action of 
erythromycin is unclear, but may involve anti-inflammatory rather than mucoactive 
effects [90, 91]. Formal clinical studies of its effects on the pathophysiology of 
mucus hypersecretion (i.e., sputum production and lung function) in COPD would 
be of interest. 



Conclusions and future directions 

Airway mucus hypersecretion and the pathophysiological changes that accompany 
it (e.g., goblet cell hyperplasia) are inconsistent features in COPD. The impact on 
morbidity and mortality is limited to certain groups of patients, particularly those 
that are prone to respiratory tract infection. Nevertheless, it is important to devel- 
op drugs that inhibit mucus hypersecretion in these patients. Before these issues can 
be addressed, considerably more information is needed concerning the biochemical 
and biophysical nature of airway mucins in normal healthy subjects, whether or not 
there is an intrinsic abnormality of mucus in COPD, and whether any abnormality 
is specific for COPD. In addition, the factors that regulate MUC gene expression in 
health and disease, and the relationship between this regulation and the develop- 
ment of the hypersecretory phenotype, need to be determined. The above informa- 
tion can be used in optimising identification of therapeutic targets which, in turn, 
should lead to rational design of anti-hypersecretory drugs which may have to be 
specific for COPD. 
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Introduction 

An essential component of airways inflammation research is the examination of air- 
way luminal fluid. Since its development as a sampling technique over 20 years ago, 
bronchoalveolar lavage (BAL) has become the most widely used method of evalua- 
tion of distal airway and alveolar inflammation. The widespread use of BAL reflects 
its relative ease and lack of clinical complications, particularly in comparison to air- 
way or lung biopsy. However, while BAL is now a universally used tool in research 
and diagnosis of interstitial lung diseases (ILDs) its use in evaluating airway inflam- 
mation in COPD is less common. The lesser use of BAL in COPD studies reflects a 
lower level of tolerance of the procedure in patients with moderate to severe airway 
obstruction and greater difficulty in obtaining adequate samples from these same 
patient groups [1, 2]. 

In recent years the induction of sputum using normal or hypertonic saline has 
been developed as a safe valid method of harvesting luminal fluid [3]. Its composi- 
tion does not differ inherently from spontaneously produced sputum but it contains 
a higher proportion of viable cells, facilitating analysis [4]. Unlike spontaneous spu- 
tum, it can be obtained from all patients, even those who do not produce sputum, 
and enables sampling of control subjects. To date it has been most widely used in 
studies on asthma, but has also been employed to evaluate a range of inflammato- 
ry mediators in COPD. 

The focus of this chapter is to review the information on airway inflammation 
obtained by both procedures to provide a basis for selection of sampling method for 
research studies. Information obtained using induced sputum will be evaluated first, 
followed by that from BAL studies and the two compared. 



Induced sputum as a method for the study of airway inflammation 

COPD has a long pre-clinical course. Usually, moderate airflow obstruction is 
already established at the time of clinical presentation and invasive procedures for 
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research purposes are relatively contraindicated. A non-invasive method of obtain- 
ing luminal fluid is therefore advantageous. 

Induction of sputum using inhaled nebulised hypertonic saline was first used to 
obtain bronchopulmonary secretions from patients with suspected Pneumocystis 
carinii pneumonia in the late 19 80’s [5] from patients who were unable to produce 
sputum spontaneously and continues to be a useful tool for this purpose. This led 
to interest in the technique as a method of obtaining airway cells and fluid for 
research purposes [6]. Sputum induction has now been extensively used to study air- 
ways disease. It is an effective inexpensive method of demonstrating airway inflam- 
mation. Its safety has been established thus allowing research involving patients 
with moderate or severe disease [7]. Uniquely, the kinetics of the inflammatory 
response can be studied, as the sputum induction can be repeated. 

Sputum is induced by the inhalation of saline in concentrations varying from 
0.9% up to 7%. Different protocols exist regarding both for the induction method 
and the processing of the resultant expectorate. The method of sputum induction 
has little effect on the cellular findings [8, 9]. Due to the variety of methods in use, 
an ERS taskforce recently reached a consensus that 4.5% saline should be used as 
standard [10]. Two methods of sputum processing have emerged, one using the 
entire sample of expectorate [11] the other selecting plugs of sputum using an 
inverted microscope [12]. Both methods have advantages and disadvantages but are 
not interchangeable. It is therefore recommended that findings from studies using 
these different methods of sputum processing should not be directly compared [13]. 



Cellular findings in induced sputum in COPD 

Induced sputum from patients with COPD contains markedly more cells than that 
from control subjects and neutrophil counts are significantly higher (Fig 1). The 
degree of neutrophilia has been shown to be inversely proportional to the FEV l9 
patients with more severe disease having a greater neutrophilia. This finding has 
been interpreted variably, most suggesting that it indicates a pivotal role for the neu- 
trophil in the pathogenesis of airflow limitation, others suggesting a mechanical 
effect of a narrowed airway resulting in a bias of the type of inflammatory cells 
expectorated. However, smokers who have not developed lung disease also have a 
significant number of neutrophils in their airways compared with non-smokers [14]. 
Therefore it is vital, in order to determine the effect of smoking versus a disease 
effect, to use control subjects who have a similar smoking history. 

Studies examining neutrophil granule proteins such as myeloperoxidase and 
human neutrophil lipocalin (HNL) demonstrate markedly raised concentrations of 
these products indicating neutrophil activation in COPD [11]. When markers of 
eosinophilic inflammation in COPD are examined, some series of patients have been 
shown to have either increased eosinophil percentages, increased absolute num- 
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Figure 1 

Differential cell counts in induced sputum in subject groups. Cell counts are expressed as 
percentages of total inflammatory cells. Data are means . Vertical bars denote SEM. *p < 0.05 
compared to controls , **p <0.001 compared to all other groups. Reproduced from [14]. 



bers/g of sputum associated with increased concentrations of the granule proteins 
concentrations eosinophil cationic protein (ECP) and eosinophil peroxidase (EPO) 
[11, 15]. It has been suggested that the raised eosinophil granule protein concentra- 
tions are a non-specific finding but similar concentrations of ECP in asthma are con- 
sidered to be implicated in the disease process and considered useful markers of dis- 
ease severity [3]. Some studies have identified patients with COPD who have a signi- 
ficant eosinophilia in induced sputum and have attempted to define the significance 
of this. Louis et al. [16] found comparable concentrations of ECP in asthma and 
COPD and furthermore found that those with eosinophilia had raised concentra- 
tions of tryptase, which has been characterized as a hallmark of asthmatic inflam- 
mation for many years. Equally, they could not discriminate between the two con- 
ditions by measurement of either tryptase or sICAM-1. Intuitively one might expect 
that eosinophilic inflammation may be found in patients with more asthmatic fea- 
tures but when the clinical characteristics of “eosinophilic COPD” (eosinophils 
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>3%) were compared with those patients with “non-eosinophilic” COPD, no dif- 
ferences could be found in terms of age, FEV l5 reversibility of FEV^ or diffusing 
capacity (DLCO). 



Soluble mediators 

To further examine airway inflammation in COPD, inflammatory cytokines have 
been analysed in sputum in a range of studies. Two methods are used to obtain spu- 
tum fluid. The “sol” phase of sputum, obtained by ultracentrifugation of untreated 
sputum at 60,000 g for 90 minutes is a clear low volume supernatant, separated 
from a thick pellet of mucus and cells. In order to prepare supernatant more quick- 
ly, many investigators disperse the sputum using the reducing agent dithiothreitol 
(DTT), which reduces the disulphide bonds of mucin allowing separation of fluid by 
centrifugation at 300-400 g for 10 minutes. Where this method is used confirma- 
tion that DTT does not interfere with either the assay process or destroy the 
cytokine is essential [17]. This is more than a theoretical point as many cytokines 
e.g., IL-8 contain disulphide bonds. In addition some analytes may be broken down 
by proteases which are present in the sputum and protease or peptidase inhibitors 
may need to be added to the supernatant prior to storage [18]. All assays should be 
validated in the biological fluid in which the measurements are to take place and 
standard curves altered accordingly [17]. 

To date most studies have examined the role of mediators involved in neu- 
trophilic inflammation in COPD. IL-8, a CXC chemokine that acts as a potent neu- 
trophil chemoattractant, is present in high concentrations in induced sputum from 
patients with COPD compared to controls and is believed to play an important part 
in propagation of the neutrophilic inflammation in this condition [14]. It is also 
raised in the sputum of healthy smokers and may play a part in the initiation of neu- 
trophilic inflammation [14]. LTB 4 , another potent neutrophil chemoattractant, is 
also present in sputum from patients with COPD in concentrations proportional to 
the degree of neutrophilic inflammation and it too is considered to play an impor- 
tant part in neutrophil chemotaxis [19]. Growth related oncogene-a (GRO-a) is 
another CXC chemokine which is powerfully chemotactic for neutrophils which is 
present in markedly raised concentrations in patients with COPD compared with 
controls and healthy smokers [20]. IL-8 and GRO-a production by alveolar 
macrophages is enhanced by exposure to cigarette smoke [21]. 

Another macrophage-produced cytokine, TNF-a, is raised in patients with 
COPD compared with both non-smoking controls and smokers and therefore is 
more specific for the presence of COPD than IL-8 (Fig. 2). When administered by 
inhalation to the normal lung TNF-a has been shown to result in an influx of neu- 
trophils [22], possibly via activation of transcription factor NF-kB and so increas- 
ing transcription of the IL-8 gene. Given the increase in macrophage-derived 
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Figure 2 

Concentration of TNF-a (A) and IL-8 (B) in induced sputum in subjects with asthma, COPD, 
smokers and non-smoking control subjects. Data are means. Vertical bars denote SEM. 
*p<0.05 compared with smokers and p<0.01 compared with non-smoking controls. 
+ p<0.05 compared with non-smoking controls. Reproduced from [14]. 



cytokines, it is of interest that the macrophage chemotactic protein-1 (MCP-1) is 
also present in markedly raised concentrations in induced sputum of patients with 
COPD, although there is a wide variation in concentration between individuals 
reflecting the heterogeneity of patients with COPD [20]. 

IL-10, an anti-inflammatory cytokine which down-regulates TNF-a production 
and gene expression in alveolar macrophages [23] has been shown to be reduced in 
induced sputum from COPD patients with immunocytochemistry localizing this 
cytokine to the alveolar macrophages and lymphocytes [24]. It might therefore be 
suggested that failure of alveolar macrophages to produce sufficient immunoregula- 
tory cytokines such as IL-10 may contribute to the excessive inflammation seen in 
the respiratory tract in COPD. 

In summary, the cytokine and mediator profile seen in COPD differs significant- 
ly from that seen in asthma. In COPD there is an infiltrate of neutrophils and CD8 + 
lymphocytes. The cytokine TNF-a and neutrophil chemoattractants IL-8, GRO-a 
and LTB 4 appear to have a prominent role. There is redundancy in that many 
cytokines may perform the same role and similarly one cytokine may be produced 
by a number of different cells and number of effects on a wide variety of cells. Mea- 
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surement of soluble mediators in the supernatant of induced sputum is therefore 
useful as a guide to the importance of individual mediators but should be comple- 
mentary to biopsies, immunocytochemistry and functional studies. 



Proteases and anti proteases 

An increase in elastase activity relative to the lung’s anti-elastase screen has for long 
been implicated in alveolar tissue destruction in COPD. More recently, the involve- 
ment of matrix metalloproteinases (MMPs) and their inhibitors (tissue inhibitors of 
metalloproteinases (TIMPs)) has also been implicated in both the tissue destruction 
and airway remodelling components of the disease [25, 26]. Active, unopposed elas- 
tase has been detected in induced sputum (IS) from patients with chronic bronchitis 
and from stable COPD patients [27, 28], suggesting that elastase-anti-elastase 
imbalance can be detected by IS sampling of the airways. Vignola et al. [27] also 
found that IS elastase was inversely proportional to degree of airway obstruction 
and to percentage of sputum neutrophils. Studies evaluating MMP/TIMP balance in 
the airways by IS have reported an increase in MMP-9 (gelatinase B) in patients with 
COPD and chronic bronchitis [26, 29] and the MMP-9/TIMP-1 ratio was correlat- 
ed with FEV l9 suggesting a decrease in function as the balance in the airways tips in 
favour of the enzyme rather than the inhibitor [26]. Although these studies are 
encouraging, further work is necessary to fully appraise the value of IS in assessing 
protease/antiprotease imbalance in the airways. 



Relationship between sputum inflammation and disease phenotype 

In clinical practice, COPD is a heterogeneous condition with individual patients 
having varying clinical characteristics in terms of reversibility, cachexia, type 1 or 2 
respiratory failure sputum production, the presence of emphysema, the development 
of cor pulmonale and the frequency of exacerbations. This definition clearly 
includes patients that differ enormously and may have little else in common other 
than that they don’t have asthma. While the original studies using induced sputum 
allowed differentiation between asthma and COPD, investigators are now attempt- 
ing to differentiate between patient groups within COPD on the basis of airway 
inflammation. Such studies will hopefully allow patients within COPD to be better 
defined facilitating more focused therapeutic strategies. The following section 
describes studies that related airway inflammation to the clinical characteristics of 
exacerbation frequency and steroid responsiveness. 

Two major studies have compared the inflammation in sputum between disease 
with frequent exacerbations and that with infrequent exacerbations. One study found 
that patients who exacerbate more frequently (>3/y) have higher concentrations of 
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IL-6 and IL-8 in induced sputum than patients who had <2 exacerbations per year 
[30]. In apparent contradiction, a study by Gompertz et al. [31] found no difference 
in IL-8 or LTB 4 concentrations at baseline between frequent and infrequent exacer- 
bators. The discordance between these studies may be explained by differences in 
patient phenotype for example, the patients in the study of Gompertz et al. all pro- 
duced spontaneous sputum, while this is not necessarily true for those in Bhowmik’s 
study [30]. An important difference in patients phentoype was introduced because 
Gompertz et al. excluded a number of patients with tubular bronchiectasis on high 
resolution CT (HRCT) scan who otherwise would have fulfilled the definition of 
COPD for the study by Bhowmik and most other studies published on COPD. The 
apparent disparity between these studies underlines the heterogeneity of COPD and 
the need for precise definition of phenotype in clinical studies. 

A study examining the effect of short-term oral steroid therapy on soluble medi- 
ators have shown no reduction in concentrations of IL-8, TNF-a, ECP, MPO, HNL 
after two weeks of high dose oral prednisolone or inhaled budesonide [32]. By com- 
parison with asthma patients, patients with COPD had lower numbers of 
eosinophils and no response to steroids either in terms of FEV 1? eosinophil numbers 
or granule proteins. Pizzichini et al. [33] further examined the relationship between 
the presence of a sputum eosinophilia and short-term response to oral steroids. 
Patients with sputum eosinophilia were similar to the non-eosinophilic subjects in 
terms of spirometry, reversibility to p 2 agonist, smoking history and atopy. The 
patients with eosinophilia had a small but significant increase in FEV t (mean 0.1 L) 
and a significant improvement in quality of life scores compared with response to 
placebo, while patients without eosinophilia had no response in either quality of life 
or lung function. These findings were confirmed by a larger double-blind placebo 
controlled study demonstrating that patients with sputum eosinophilia had 
improvements in terms of FEV] and QOL [34]. While the improvement in FEV} was 
still small enough to consider the airflow obstruction “irreversible”, these studies 
nevertheless demonstrate that sputum eosinophilia in COPD is not simply a tran- 
sient phenomenon, and that eosinophils have significant functional effects within 
the airways. This study could be interpreted simply as demonstrating that the 
eosinophilic patients had asthma in addition to COPD but crucially this is not 
detectable from the patients clinical characteristics. Sputum inflammatory cell/medi- 
ator measurement may prove an important indicator in treatment planning. The 
relationship between sputum markers and the long-term response to inhaled 
steroids has not yet been examined. 



BAL analysis of airway inflammation in COPD 

As mentioned in the introductory section, BAL is not well tolerated in COPD 
patients with moderate to severe disease, hence information on airway inflamma- 
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tion obtained from BAL studies is largely confined to patients with mild to moder- 
ate disease. Even in these patients, the direct correlation observed between degree of 
airflow obstruction and yield of BAL sample [2] underlines an inherent problem 
associated with this technique in evaluating airway inflammation in COPD. In the 
absence of rigorous normalisation for sample yield, erroneous conclusions on the 
relationship between cellular and soluble analytes and airway obstruction can easi- 
ly be made. 

Despite these drawbacks, significant information on the inflammatory process in 
COPD has been obtained from BAL studies and, if induced sputum is to be used 
instead of BAL in evaluating airway inflammation in this disease, it is necessary to 
ensure that it provides at least as much information. The remainder of this section 
will concentrate on the COPD inflammatory profile revealed by BAL studies with a 
focus on whether or not induced sputum studies are similarly informative. 



BAL evaluation of cellular components of airway inflammation in COPD 

Increased cellularity in BAL from patients with COPD compared to healthy controls 
primarily reflects cellular infiltrate resulting from smoking, as little change in cell 
numbers recovered by BAL between diseased and non-diseased smokers or ex- 
smokers is observed [2, 35, 36]. Indeed, a reduction in inflammatory cell numbers 
with increased airway obstruction has been reported, a decrease that is not wholly 
accounted for by the lower recovery of lavage fluid [37]. 

In respect of cellular composition, studies have variously implicated neutrophils, 
macrophages, CD8+ve lymphocytes and eosinophils as important effector cells in 
the inflammatory process in COPD. Significant support for the involvement of the 
neutrophil came from early studies which reported increased neutrophils in BAL 
from patients with chronic bronchitis and emphysema [1, 38], with particularly ele- 
vated levels being observed in patients with alpha-one proteinase inhibitor (cqPI) 
deficiency emphysema [39]. However, in later studies where the majority of patients 
had mild to moderate disease, increased BAL neutrophils is not commonly observed 
[25, 36]. This discrepancy likely reflects an increase in airway neutrophils as disease 
progresses, as elevated BAL neutrophils has been shown to be associated with 
increased air-flow obstruction [40]. Similar associations between increased neu- 
trophils and disease severity have been observed in tissue and induced sputum sam- 
ples [14, 41]. This suggests that airway neutrophilia may be more useful in evaluat- 
ing disease progression than in determining the presence or absence of disease. In 
this context, evaluating neutrophil infiltration by induced sputum is most suited for 
the repeat measurements required for progression studies. Indeed, a study by Mar- 
tin et al. [38], where each BAL aliquot was analysed separately, suggests that 
increased BAL neutrophils may derive primarily from the upper airways, the site 
sampled by induced sputum. 
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Although an increase in BAL neutrophils is not a consistent finding in mild to 
moderate disease, neutrophil activation, as reflected by the release of the granule 
marker HNL and granule proteases (discussed below), may be a significant event in 
the early stages of disease. BAL levels of HNL are reported to correlate with 
decreased DLCO and high resolution CT emphysematous scores in “healthy” 
smokers with subclinical disease [42]. Elevated levels of HNL are also detected in 
induced sputum from COPD patients [11] suggesting that this method of sampling 
may also be well suited to evaluation of neutrophil activation at early stages of dis- 
ease. 

Increased numbers of alveolar macrophages (AMs) are reported in BAL samples 
from smokers versus non-smokers [43]. Whether this reflects an early event in the 
inflammatory process leading to disease is controversial, however. For example, 
Abboud et al. [44] report that smokers with mild emphysema as evidenced by CT 
scan have increased numbers of BAL alveolar macrophages compared to smokers 
without CT evidence of disease while Linden et al. [2] report no difference in BAL 
cell numbers or composition between smokers with and without airway disease. 
These findings may reflect differing involvement of AMs in the airway obstruction 
and alveolar destruction components of the disease. When BAL aliquots were 
analysed separately, a higher proportion of macrophages was recovered in the alve- 
olar than the bronchial washings [38]. In this context it is of interest that Abboud 
et al. [44] also observed a relationship between macrophage plasminogen activator 
and decreased diffusion capacity but not with FEV, or FEVj/FVC ratio. If AMs are 
indeed more involved in the emphysematous component of the disease then it is 
unlikely that induced sputum, which exclusively samples the upper airways, will be 
of value in elucidating their role in the disease process. 

Studies on lung tissue have implicated the CD8 + ve T lymphocyte as an effector 
cell in the progression of COPD [41]. Although few BAL studies have specifically 
focused on the lymphocyte component, where subset analysis has been carried out 
increased BAL CD8 + ve lymphocytes are reported to be associated with smoking per 
se [45] with no difference being observed between smokers with and without dis- 
ease [35]. As availability of lung tissue from non-smokers and non-diseased smok- 
ers is extremely limited and yield of lymphocytes by induced sputum is very low, fur- 
ther BAL studies are best suited to clarify the involvement of CD8 + ve T lymphocytes 
in the disease process. 

As outlined earlier, the role of eosinophils in COPD is controversial and may 
reflect an asthmatic component in the airways. Although the yield of eosinophils in 
BAL is low (usually < 1% of inflammatory cells), an increased proportion of these 
granulocytes is observed in BAL from patients compared to healthy controls [46] 
and ex-smokers [36]. Increased BAL levels of the eosinophil degranulation product 
ECP are also observed [36] and this marker is reported to be significantly correlat- 
ed with reduced FEV! in patients with airway obstruction [37]. As the yield of 
eosinophils from induced sputum is greater than from BAL [36], use of this tech- 
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nique is probably best suited to further studies on the contribution of this cell to air- 
way inflammation in COPD. 



BAL evaluation of soluble inflammatory mediators in COPD airways 

Arising from the association of neutrophils with disease progression in COPD, sev- 
eral studies have evaluated levels of neutrophil chemoattractants in BAL. Raised lev- 
els of GM-CSF [47] and IL-8 [40, 48] are seen in patients with obstructive disease. 
Increased IL-8 is also seen in smokers, being particularly elevated in the bronchial 
component of the lavage where levels are correlated with neutrophil count [42, 49]. 
A similar correlation between BAL IL-8 levels and neutrophils is observed in COPD 
patients where levels are inversely correlated with airflow obstruction [40]. In a 
recent study by Tanino et al. [48], who evaluated BAL for levels of three neutrophil 
chemotaxins (epithelial neutrophil activating protein 78 (ENA-78), LTB 4 , and IL-8), 
only IL-8 levels were found to distinguish between current smokers with and with- 
out emphysema. These studies strongly suggest that IL-8 is the major neutrophil 
chemoattractant in the COPD airways and that it is particularly concentrated in the 
upper airways. In this context it is of interest that Tanino et al. found no difference 
in IL-8 expression or production in alveolar macrophages from smokers with or 
without emphysema [48] while Mio et al. [49] have demonstrated that bronchial 
epithelial cells release IL-8 in response to cigarette smoke. Thus, for further evalua- 
tion of neutrophil chemotaxis and related inflammatory mediators, induced sputum 
may be the most appropriate sampling method. 

A range of other inflammatory mediators, including interleukin (IL)-1|3, IL-6, 
TNF-cx, monocyte chemoattractant protein 1 (MCP-1), GRO-a and macrophage 
inflammatory protein- la (MIP-la) have also been assessed in BAL from smokers 
and patients with obstructive disease [20, 40, 48]. None have demonstrated a rela- 
tionship with disease similar to that seen with IL-8. 



BAL evaluation of proteases and antiproteases in the COPD airways 

In light of the elastase-anti-elastase hypothesis on the pathogenesis of emphysema, 
early BAL studies focused on the elastase-anti-elastase balance in BAL fluid from 
COPD patients and smokers. These studies, however, failed to give consistent find- 
ings. Carp et al. [50] reported decreased elastase inhibitory activity and decreased 
levels of a 2 -proteinase inhibitor in BAL fluid from smokers. By comparison, Smith 
et al. [51] found no differences in antiprotease levels or functional inhibitory capac- 
ities between BALs from smokers and controls. Similarly, Morrison et al. [39] found 
no difference in the capacity of BAL fluids from patients with chronic bronchitis or 
alpha 1 -proteinase inhibitor deficiency to inhibit neutrophil elastase. Reported 
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observations on elastolytic activity were more consistent, with increased activity 
being observed in smokers with and without obstructive disease [51, 52]. Later stud- 
ies demonstrated an increase in neutrophil elastase-cq -proteinase inhibitor complex 
levels in BAL from smokers with subclinical emphysema and found that this was 
correlated with accelerated decline in ¥EV 1 on follow-up [53]. 

BAL levels of matrix metalloproteinases have also been evaluated, with increas- 
es in collagenases (MMPs land 8) and gelatinase B (MMP-9) being observed [25, 
54]. Comparison with elastase levels suggest that BAL collagenase activity may be 
a better indicator of presence of disease than elastase [25]. To date, however, stud- 
ies on the balance between BAL levels of MMPs and their inhibitors, the TIMPs, 
have not been reported. 



Conclusion 

The studies reviewed indicate that BAL and induced sputum, by sampling different 
compartments in the airways, give complementary information on the inflammato- 
ry process in COPD. The observed associations between degree of airway obstruc- 
tion, neutrophil numbers and IL-8 levels in induced sputum and the bronchial com- 
ponent of BAL point to induced sputum as the sampling method of choice for eval- 
uating the neutrophilic component of the inflammatory process in COPD. This 
method is eminently suitable for studies designed to tease out the crucial differences 
between smokers who develop disease and those who do not, as it can be safely and 
repeatedly employed to sample healthy smokers over prolonged periods of time. 

The safety and level of ease with which repeat induced sputum samples can be 
obtained, even from patients with severe disease, also make this procedure the most 
promising for evaluation of airway disease progression and the effect of new therapies. 

A significant drawback in the induced sputum procedure, however, is the use of 
DTT to solubilise mucus plugs. This can significantly effect measurement of soluble 
mediators and is likely to influence the behaviour of recovered cells. Where cell 
function or soluble mediators are to be assessed in induced sputum samples, pre- 
liminary studies to determine the effect of DTT on the experimental and analytical 
methods employed are absolutely essential. 

While induced sputum is the sampling technique of choice for evaluating the air- 
way obstruction component of the disease, it can shed little light on the emphyse- 
matous process. BAL remains the method of choice for studies aimed at determin- 
ing the early pathological events involved in alveolar destruction. 
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Non-invasive biomarkers of inflammation in asthma and COPD 

The need to monitor inflammation in the lungs has led to the exploration of exhaled 
gases and condensates, that may assist in differential diagnosis of pulmonary dis- 
eases, assessment of disease severity and response to treatment [1-3]. A proof-of- 
concept study often will involve an examination of effects on a surrogate marker 
that is not guaranteed to produce a quick readout, such as effects on, for example 
neutrophilia or neutrophil activation in chronic obstructive pulmonary disease 
(COPD). 

In addition to the practical aspects of the examination of surrogate markers in 
the assessment of drug efficacy in the treatment of asthma or COPD patients, it is 
not clear how the benefits of anti-inflammatory treatment for example, will be man- 
ifested in patients with these conditions and, therefore, what indexes should be 
examined clinically. 



Exhaled breath 

Nitric oxide (NO) 

NO is the most extensively studied exhaled marker and abnormalities in exhaled 
and nasal NO have been documented in several lung diseases, particularly asthma 
[4]. Exhaled NO and nitrite/nitrate levels in breath condensate can be used to mon- 
itor dose-dependent onset and duration of action of corticosteroids [5], and are 
valuable parameters to monitor complex NO biochemistry in the clinic (see Tab. 1). 

An interesting method of measuring exhaled NO at several exhalation flow rates 
has recently been described [6]. Peripheral airways/alveolar region may be the pre- 
dominant source of elevated exhaled NO in COPD [7, 8], while an increased 
exhaled NO level in asthma is mainly derived from the larger airways [9, 10]. This 
novel technique can be used not only to monitor the disease, but the effect of treat- 
ment with NO modulators, which may have different mechanisms and sites of their 
actions. 
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12.5 (3.6)-13.3 (3.8) P lacebo No effect 

Multiple exhalation flow technique (larger airway NO, JNO, pL/s or nL/s) 

667 (24) 477 (23) 617(61) 978(74) 28% j °" 1 
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Hydrocarbons 

Exhaled ethane is increased in normal smokers and COPD patients [11]. Increased 
levels of volatile organic compounds in exhaled breath could be used as biochemi- 
cal markers of exposure to cigarette smoke and oxidative damage caused by smok- 
ing. In fact, there is a correlation between the ethane levels and the degree of airway 
obstruction in COPD [12]. 



Exhaled breath condensate (EBC) 

EBC is collected by cooling or freezing exhaled air and is totally non-invasive. 
Although the collection procedure has not been standardized, there is strong evi- 
dence that abnormalities in condensate composition may reflect biochemical 
changes of airway lining fluid [4]. Potentially, EBC can be used to measure the tar- 
gets of modern therapy in clinical trials and monitor asthma and COPD in clinic 
(Tab. 2). 



Hydrogen peroxide 

Activation of inflammatory cells, including neutrophils, macrophages and 
eosinophils, result in an increased production of 0 2 ~ and formation H 2 0 2 . As H 2 0 2 
is soluble, increased H 2 0 2 in the airway equilibrates with air and can be detected in 
exhaled breath condensate. Thus exhaled H 2 0 2 has potential as a marker of oxida- 
tive stress in the lungs. 

Cigarette smoking causes an influx of neutrophils and other inflammatory cells 
into the lower airways and five-fold higher levels of H 2 0 2 have been found in 
exhaled breath condensate of smokers than in non-smokers. Levels of exhaled H 2 0 2 
are increased compared to normal subjects in patients with stable COPD and are 
further increased during exacerbations. 



Tyrosine , nitrotyrosine , nitrite , nitrate , reactive nitrogen species 
A significant proportion of NO is consumed by chemical reactions in the lung lead- 
ing to formation of nitrite, nitrate, and S-nitrosothiol in the lung epithelial lining 
fluid. Elevated levels of S-nitrosothiols in exhaled breath condensate has been 
demonstrated in COPD [13]. 



Eicosanoids ( prostanoids , leukotrienes, 8-isoprostanes) 

Eicosanoids are potent mediators of inflammation responsible for vasodilatation/ 
vasoconstriction, plasma exudation, mucus secretion, bronchoconstriction/bron- 
chodilatation, cough and inflammatory cell recruitment. Exhaled prostanoids, for 
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example PGE 2 and PGF 2a , are detectable in exhaled breath condensate and marked- 
ly increased in patients with COPD, whereas these prostaglandins are not signifi- 
cantly elevated in asthma [14, 15]. In contrast, TxB 2 is increased in asthma but not 
detectable in normal subjects of in patients with COPD [16]. 

Detectable levels of LTB 4 , C 4 , D 4 , E 4 and F 4 have been reported in exhaled con- 
densate of asthmatic and normal subjects [17, 18]. The levels of leukotrienes LTE 4 , 
C 4 , D 4 in breath condensate are elevated significantly in patients with moderate and 
severe asthma [17], and steroid withdrawal in moderate asthma leads to worsening 
of asthma and further increase in exhaled NO and the concentration of LTB 4 , LTE 4 , 
LTC 4 , LTD 4 in exhaled condensate [19]. LTB 4 concentrations are increased in 
exhaled breath condensate of patients with stable COPD [16], COPD exacerbations 
[20] as well as in moderate and severe asthma [17]. This suggests that LTB 4 may also 
be involved in exacerbations of asthma and may contribute towards neutrophil 
recruitment. 

Isoprostanes are prostanoids formed by free radical-catalyzed lipid peroxidation 
of arachidonic acid. They are not simply markers of lipid peroxidation but also pos- 
sess biological activity, and could be mediators of the cellular effects of oxidant 
stress and a reflection of complex interactions between the RNS and ROS. 8-iso- 
prostane levels are approximately doubled in mild asthma compared with normal 
subjects, and increased by about three-fold in those with severe asthma, irrespective 
of their treatment with corticosteroids. The relationship to asthma severity is a use- 
ful aspect of this marker, in contrast to exhaled NO. The relative lack of effect of 
corticosteroids on exhaled 8-isoprostane has been confirmed in a placebo-controlled 
study with the two different doses of inhaled steroids [21]. This provides evidence 
that inhaled corticosteroids may not be very effective in reducing oxidative stress. 
Exhaled isoprostanes may be a better means of reflecting disease activity than 
exhaled NO. The concentration of 8-isoprostane in exhaled condensate is also 
increased in normal cigarette smokers, but to a much greater extent in COPD 
patients [22]. Interestingly, exhaled 8-isoprostane is increased to a similar extent in 
COPD patients who are ex-smokers as in smoking COPD patients, indicating that 
the exhaled isoprostanes in COPD are largely derived from oxidative stress from air- 
way inflammation, rather than from cigarette smoking. 



Exhaled breath temperature and bronchial blood flow 

Exhaled breath temperature and bronchial blood flow are other quantitative mark- 
ers of airway inflammation, as vascular hyperperfusion plays an important role in 
tissue inflammation and airway remodelling. We have developed and validated a 
novel technique for the measurement of exhaled breath temperature and bronchial 
blood flow [23] in asthma [24] and COPD [25]. Exhaled breath temperature and 
blood flow is increased in asthma to inflammatory new vessel formation and vasodi- 
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latation, but not in COPD, which may reflect the changes of bronchial blood flow 
and tissue remodelling. 



Standardisation and reproducibility of biomarkers collection and 
measurements 

Airway inflammation in asthma has been shown to exhibit considerable biologic 
variability yet it is not measured directly and routinely in clinical practice. Several 
approaches are currently used to measure airway inflammation in COPD. They are, 
however, either invasive or semi-invasive (bronchoscopy and sputum induction), or 
indirect (PC 2 o and lung function), or may be affected by patient’s perception or 
bronchodilators. The reproducibility of these approaches is also variable. 



Exhaled breath 

The changes in serial exhaled NO (FE NO ), as a loss-of-control-marker [26] have 
higher predictive values for diagnosing deterioration of asthma than single mea- 
surements. 

It can be argued, however, that these changes in FE NO may be due to measure- 
ment error and/or the natural variability of airway inflammation over time. There- 
fore, design and interpretation of clinical studies in asthma and the use of FE NO in 
routine clinical practice depend greatly on reproducibility and safety of FE NO mea- 
surements. Reproducibility of FE NO measurements within a single day in both adults 
(intraclass correlation coefficient (ICC) 0.94) and children (ICC 0.94) is superior to 
any conventional methods of airway inflammation monitoring in asthma. This adds 
significantly to other major advantages of FE N0 measurements, such as their strong 
association with airway inflammation [1], even in non-symptomatic asthma patients 
[27], their high sensitivity to steroid treatment, insensitivity to f> 2 _a g° n i sts an d non- 
invasiveness. 

Repeated FE NO measurements, therefore, can be used much more frequently and 
will not disturb the system, in contrast to the invasive or semi-invasive procedures 
currently used in clinical research to monitor inflammation status [1]. There are sev- 
eral important practical implications for the FE NO measurements regarding the data 
comparison of spirometry versus FE NO examination. Firstly, we have shown that 
high reproducibility of FE NO measurements in both children and adults may allow 
the medical practitioner to perform two instead of three exhalations to obtain the 
reliable results. This may be of great advantage, as it will shorten the time needed 
for the measurement procedure. Secondly, because the FE NO measurements by 
NIOX are fully automated and incorrect exhalation manoeuvres by a patient (short- 
er than 10 s or above the certain limits of the exhaled flow) will not be accepted by 
the analyser, the staff training procedure can be minimal. Finally, the advantage of 
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FE no measurements is that it does not require an extra encouragement, as it may be 
in case of PEF measurements. 

There is also no “learning effect” or systematic error of serial FE NO measure- 
ments. The simplicity and high reproducibility of FE NO measurements in our study 
are probably the major reasons for this. The mean pooled SD of all measurements 
was 2.1 ± 1.25 ppb [28]. These results suggest that if a patient’s exhaled FE NO lev- 
els change more than 4 ppb between sessions, it is more likely due to the inflam- 
matory process rather than inaccuracy of the analyser. This finding is valuable for 
potential use of FE NO in routine clinical practice. Short-term monitoring, when the 
measurements of airway inflammation are made more often, for example every day 
or twice a day as in the case of PEF, is particularly important. This is because of a 
recent trend towards use of lower doses of inhaled corticosteroids in combination 
with long-acting f^-agonist (LABA) when anti-inflammatory and clinical effect of 
combination treatment may be seen within hours and days. Another example is the 
use of specific inducible NO synthase (iNOS) inhibitors, which may be a potential 
additional treatment of severe asthma, COPD or arthritis, when the effect of iNOS 
inhibitors may be seen within minutes [29, 30] and last for 72 hours [30]. 



Exhaled condensate 

Several methods of condensate collection have been described. The most common 
approach is to ask the subject to breathe tidally via a mouthpiece through a non- 
rebreathing valve in which inspiratory and expiratory air is separated. During expi- 
ration the exhaled air flows through a condenser, which is cooled to 0 °C by melt- 
ing ice [31], or to -20 °C by a refrigerated circuit [32], and breath condensate is then 
collected into a cooled collection vessel. A low temperature may be important for 
preserving labile markers as lipid mediators during the collection period, which usu- 
ally takes between 10-15 minutes to obtain 1-3 ml of condensate. Exhaled con- 
densate may be stored at -70 °C and is subsequently analyzed by gas chromatogra- 
phy and/or extraction spectrophotometry, or by immunoassays (ELISA). Exhaled 
breath condensate collection is a simple and well tolerated method that can be safe- 
ly used in both children [18, 33] and adults [31, 32]. 

The presence of high concentrations of nitrite/nitrate from the diet may poten- 
tially affect NO-related markers in condensate. It is therefore important to minimize 
and monitor salivary contamination. Subjects should rinse their mouth before col- 
lection and to keep the mouth dry by periodically swallowing their saliva. 



Sample-size determination 

Sample-size determination is often an important step in planning such studies. 
According to our data (Fig. 1), a small number (between seven and 20) of asthmat- 
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Figure 1 

The sample size estimates are based on the variability in the outcomes over the two sample 
(treatment versus placebo ) and one sample (one treatment) study [34]. 



ic subjects, either adults or children, will be required to demonstrate 25-80% effect 
of a studied drug in a clinical trial. Based on the knowledge of the individual vari- 
ability of FE n0 measurements, like individual peak expiratory flows, individual 
FE no values should be established and monitored, and when the levels are above or 
below a certain reference level, steroid treatment should be either reduced or 
increased [ 34 ]. 



Corticosteroids and biomarkers in COPD 

Determining the appropriate dose of inhaled steroids only by reference to symptoms 
and lung function, both of which are distant and non-specific markers of the under- 
lying inflammatory process, may be over simplistic. Lung function, a measure of air- 
way calibre, provides little information on airway hyper responsiveness and degree 
of airway inflammation in asthma and is mostly irreversible in COPD. It is a fact 
that despite normal or near-normal lung function, persisting inflammation of the 
airway often exists, and significant reductions in basement membrane thickness did 
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not occur until after three months of treatment with high-dose inhaled cortico- 
steroids (ICS), long before which maximal improvement in lung function would 
have been achieved. 

There is the need for early and long-term intervention studies with ICS alone and 
ICS + LABA in COPD against more direct indices of inflammation. 



Effect of corticosteroids 

Acute effect (onset of action) 

There have been no direct measurements of acute ICS effects on airway inflamma- 
tion and microvascular permeability in asthma and COPD, although the newer ICS 
are more airway selective, have greater receptor affinity (FP), or may have faster 
onset of action owing to the smaller particle size, for example hydrofluoroalkane 
beclomethasone. A rapid, topical anti-inflammatory action may require rapid means 
of monitoring its anti-inflammatory effect, thus minimizing the risk of systemic 
effects. 

Exhaled NO behaves as a “rapid response” marker, which is extremely sensitive 
to steroid treatment, as it may be significantly reduced even after six hours follow- 
ing a single treatment with a nebulized budesonide [35], or within 2-3 days [5, 36] 
after regular treatment with inhaled corticosteroids. The onset of action of inhaled 
budesonide on exhaled NO was dose-dependent, both within the initial phase (first 
3-5 days of treatment) and during treatment weeks 1, 2, and 3 [5]. The reduction 
in exhaled NO during the first 3-5 days was thus significantly faster in the group 
receiving 400 pg/day budesonide than in the group receiving 100 pg/day. The mean 
difference between the effect of 100 and 400 pg budesonide was -1.55 ppb/day. 
There was no effect of either treatment or placebo on exhaled levels of CO, either 
during the onset or cessation of their action [5]. 

The above effects were evident without concomitant improvements in lung func- 
tion. This disconnection between lung function and inflammatory markers may 
reflect the short-term positive effects of ICS, which may occur within even 3-5 days 
[5], as improvements in lung function may take longer to occur. Furthermore, it 
remains unclear whether this “rapid improvement” in inflammatory markers would 
translate into a commensurate improvement in airway remodelling or exacerbations 
over the longer term. 

The reduction in nitrite/nitrate levels in exhaled condensate during the onset and 
cessation of action of ICS may be also fast but not dose-dependent [5]. This may be 
a reflection of a rather complex process of nitrite/nitrate formation and metabolism, 
and the greater variability in the measurements compared with exhaled NO. 

Exhaled CO has been suggested as a marker to monitor airway inflammation in 
asthma [37]. However, we did not find any changes in either exhaled NO or CO lev- 
els three and six hours after a single dose of 100 or 400 pg budesonide [5]. 
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An acute vasoconstriction effect of ICS can be monitored by bronchial blood 
flow [24, 38], as demonstrated by the skin blanching test. In fact, it may be called 
“the lung blanching test”, perhaps. A single dose of inhaled budesonide (800 ^ig) 
caused a rapid (within 30 min), significant but transient (recovery at 60 min) reduc- 
tion in bronchial blood flow (Paredi et al., unpublished observation) measured by a 
novel method we have recently developed [23]. Although the maximal FP-induced 
(880 ^ig) reduction in airway mucosal blood flow was seen 30 min after drug inhala- 
tion in subjects with and without asthma [39], the recovery was slower (90 min). 
Both in absolute and relative terms, the maximum decrease in bronchial blood flow 
was greater in asthma than in normal subjects, and this may be explained by its 
vasoconstrictive effect and/or reduction of airway microvascular permeability seen 
after a single dose of ICS. 



Cessation of action (recovery) 

An important question is how fast exhaled NO levels recover when steroid treat- 
ment is stopped. We have shown that exhaled NO levels recovered rapidly during 
the first 3-5 days in all patients treated with ICS, and the full recovery was com- 
pleted by the end of the week off treatment. Interestingly, the faster recovery of 
exhaled NO levels in patients treated with 400 |ig/day budesonide was independent 
of the degree of the reduction in exhaled NO by the end of the third week of treat- 
ment [5]. The assumption that the effect of 400 Mg/day budesonide would last 
longer if treatment was stopped does not therefore appear to be true. 



Long-term effect 

Reactive nitrogen species (RNS) have a number of inflammatory actions and the 
production of these molecules has been reported to be increased in the airways of 
patients with COPD and severe asthma. Treatment with steroids resulted in a sig- 
nificant reduction in both nitrotyrosine and iNOS immunoreactivity in sputum cells 
and correlated with the improvement in VEV X of COPD patients [7]. It can be spec- 
ulated that RNS may be involved in the reversible component of inflammation and 
the long-term progression of COPD and asthma that is suppressed by steroids, or a 
combination of iNOS inhibitors and ICS [40]. Interestingly, that COPD patients 
with a partial bronchodilator response to inhaled salbutamol, elevated exhaled NO 
levels have a different and better response to ICS treatment than do those without 
reversible airflow limitation [41]. 

Steroid treatment may also reduce lipid peroxidation in COPD, as the patients 
receiving steroid treatment had lower levels of exhaled ethane than the untreated 
patients [12]. Exhaled 8-isoprostanes are increased in asthma and COPD irrespec- 
tive of treatment with corticosteroids [42]. The lack of effect of corticosteroids on 
exhaled 8-isoprostane suggests that ICS may not be very effective in reducing oxida- 
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tive stress. Alternatively, the lack of effect of corticosteroids on inhibiting oxidative 
stress could be a function of their dose. 

It is well established that exhaled NO will be gradually reduced during the first 
week of regular treatment with inhaled corticosteroids, with maximal reduction at 
three or four weeks [1]. The reduction in airway mucosal blood flow after a two- 
week course of intermediate dose of FP (440 pg daily) was modest (11%) but con- 
sistent in patients with asthma [38]. It may be speculated that a longer duration of 
ICS treatment would have resulted in a further decrease of airway mucosal blood 
flow in the asthma. 



Dose-dependent effect 

It is difficult to show a dose-dependent effect of inhaled corticosteroids in clinical 
studies. Dose adjustment in both clinical practice and clinical research is an impor- 
tant issue, in which high reproducibility of FE NO measurements and sensitivity of 
FE no to corticosteroids may substantially reduce the cost of medical care and 
research. 

We have shown that the acute (within first 3-5 days of treatment) and chronic 
(7-21 days) reduction in exhaled NO is dose-dependent in patients with mild asth- 
ma treated with low doses of budesonide [5]. Serial exhaled NO measurements, as 
we recently suggested [1], may therefore be of use to study the onset and duration 
of action of ICS and patient compliance. It is still unclear whether exhaled NO lev- 
els can be used to study the effect of higher doses of ICS. We did not find any fur- 
ther reduction in NO levels in patients with mild asthma treated with 1600 pg/day 
budesonide for three weeks, although in a separate study a dose-dependent reduc- 
tion in NO levels was found in patients treated with 100 and 400 pg/day budesonide 
for three weeks. 



Single dose effect 

We did not find any changes in either exhaled NO or CO levels three and six hours 
after a single dose of 100 or 400 pg budesonide [5]. 

A single dose of inhaled budesonide (800 pg) caused a rapid (within 30 min), sig- 
nificant but transient (recovery at 60 min) reduction in bronchial blood flow (Pare- 
di et ah, unpublished observation) measured by a novel method we have recently 
developed [23]. Although the maximal FP-induced (880 pg) reduction in airway 
mucosal blood flow was seen 30 min after drug inhalation in subjects with and 
without asthma [39], the recovery was slower (90 min). Both in absolute and rela- 
tive terms, the maximum decrease in bronchial blood flow was greater in asthma 
than in normal subjects, and this may be explained by its vasoconstrictive effect 
and/or reduction of airway microvascular permeability seen after a single dose of 
ICS. 
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Effect of combination treatment (ICS and LAB A) 

Combination inhalers are going to be used as the first line treatment in asthma. 
Recently, it has been shown that combination treatment produced a clinically sig- 
nificant improvement in health status and the greatest reduction in daily symptoms 
in COPD. It is important, however, to monitor the underlying airway and alveolar 
inflammation in both diseases independently of patient’s lung function and symp- 
toms, which are affected by LABA. Surrogate markers may help us to see whether 
there is an additional anti-inflammatory effect of combination in these patients 
treatment in clinic. 

There is evidence that symptom driven dosing with combination inhalers 
(inhaled steroid and long acting |3 2 agonists) may be used in the future when the 
dose of the steroid could be determined by the degree of symptoms at a particular 
time. We suggest that the high sensitivity of exhaled NO may be used to adjust doses 
based on control of inflammation in asthma treatment. This is important as the long 
acting |3 2 agonist may control symptoms and therefore mask the underlying inflam- 
mation which may not be adequately suppressed by corticosteroids. Portable, sim- 
ple, and inexpensive exhaled NO analysers (based on measurements other than the 
chemiluminescence principle of NO detection) could be available in the next few 
years, making this approach feasible in the future. 



Clinical research in biomarkers of asthma and COPD: needs and 
opportunities 

Proteins, cytokines and metabolic markers. Novel technologies 

Measurement and identification of proteins in exhaled condensate is controversial 
[4], although higher concentrations of total protein in exhaled condensate have been 
found in young smokers compared to non-smokers. Various proteins derived from 
airways and unlikely to be contaminated with saliva have been detected in EBC by 
two-dimensional electrophoresis. Although their range and source are still unclear, 
the proteins recovered in EBC might be used to non-invasively monitor respiratory 
diseases in the future. 

Novel technologies, such as genomics, proteomics and metabonomics, which 
respectively can characterize the response of living systems to chemical exposure in 
terms of gene expression, protein expression, or metabolic regulation may help to 
speed up drug development by the pharmaceutical industry. These non-invasive 
technologies offer rapid, mechanistic information and are to some degree quantita- 
tive. They may facilitate incorporation of toxicological and clinical data at earlier 
stages of drug development with particular emphasis on biomarker discovery and 
characterization. 
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Introduction 

Chronic obstructive pulmonary disease (COPD) is a disorder of the lung parenchy- 
ma characterised by varying combinations of chronic bronchitis and emphysema 
[1], Only recently we have realized that COPD is also associated with significant 
abnormalities outside of the lungs, the so-called systemic features of COPD. These 
systemic features are clinically relevant because they contribute to jeopardize signif- 
icantly the quality of life and the prognosis of the patient. Thus, they constitute clear 
therapeutic targets [2] . This chapter reviews currently accepted systemic features of 
COPD and anticipates some others of potential future relevance. 



Systemic inflammation 

The key pathogenic mechanism in COPD is an excessive/inadequate inflammatory 
response of the lungs to a variety of noxious inhaled gases or particles (mostly cig- 
arette smoking), characterised by increased concentration of pro-inflammatory 
cytokines, augmented number of inflammatory cells, and evidence of oxidative 
stress [1]. It is less often realised, however, that similar inflammatory changes can 
also be detected in the systemic circulation of these patients. Yet, numerous studies 
have now reported increased levels of circulating cytokines and acute phase reac- 
tants [3-7], abnormal inflammatory cells [8-13] and oxidative stress [14, 15] in the 
peripheral circulation of patients with COPD. 



Increased plasma levels of pro-inflammatory cytokines 

Patients with clinically-stable COPD show increased concentrations of TNF-a, its 
receptors (TNFR-55 and TNFR-75), IL-6, IL-8, C-reactive protein, LPS binding 
protein, Fas and Fas-L [3-7]. Generally, these abnormalities were more pronounced 
during exacerbations of the disease [6]. The origin of systemic inflammation in 
COPD is unclear but several, not mutually exclusive, possibilities exist. First, tobac- 
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co smoke can cause by itself (i.e., in the absence of COPD) significant extra-pul- 
monary diseases [16]. Second, the pulmonary inflammatory process that character- 
izes COPD can also be a potential source of systemic inflammation. Inflammatory 
lung cells release inflammatory cytokines like TNF-a, IL-6, IL-ip, macrophage 
inflammatory protein- la and GM-CSF, and increase their oxidant production when 
interacting with atmospheric particles, necrotic cells and other inflammatory medi- 
ators [17]. These pro-inflammatory mediators may reach the systemic circulation 
and/or contribute to the activation of inflammatory cells during their transit 
through the pulmonary circulation. Finally, it is also possible that the skeletal mus- 
cles themselves can also be a source of pro-inflammatory cytokines in COPD [18]. 



Circulating inflammatory cells 

Several circulating inflammatory cells appear abnormal in COPD. Burnett et al. 
demonstrated that neutrophils harvested from COPD patients showed enhanced 
chemotaxis and extracellular proteolysis [8]. Noguera et al. reported that circulat- 
ing neutrophils from COPD produced more ROS (respiratory burst) than those 
from non-smokers or healthy smokers, both under basal conditions and after stimu- 
lation in vitro [9], These same authors showed that the expression of several surface 
adhesion molecules, particularly Mac-1 (CD lib), in circulating neutrophils was 
higher in patients with stable COPD than in healthy controls [10]. Interestingly, this 
difference disappeared during exacerbations of the disease, suggesting neutrophil 
sequestration in the pulmonary circulation during exacerbations [10]. Other abnor- 
malities described in circulating neutrophils in COPD include the down-regulation 
of one type of G-proteins (Gas) [10]. Gas is involved in the intra-cellular signal 
transduction pathway linked to CD lib expression [10] and, also, in the control of 
the intra-cellular vesicular trafficking [19], the latter being relevant for the correct 
activation of NADPH oxidase, the enzyme which is eventually responsible of the 
respiratory burst in neutrophils [9]. It is then likely that Gas can play a role in the 
regulation of some of the abnormalities described in circulating neutrophils in 
COPD, namely the increased expression of surface adhesion molecules [10] and the 
augmented respiratory burst [9]. 

Circulating lymphocytes have not been studied as much as circulating neu- 
trophils in COPD, yet there are also some indications of abnormal lymphocyte func- 
tion in these patients. Sauleda et al. showed that the activity of cytochrome oxidase, 
the terminal enzyme in the mitochondrial electron transport chain, was increased in 
circulating lymphocytes harvested from patients with stable COPD, as compared to 
healthy non-smoker controls [11]. This could also be detected in circulating lym- 
phocytes of patients with other chronic inflammatory diseases, such as bronchial 
asthma and chronic arthritis, suggesting that it may be a non-specific marker of lym- 
phocyte activation in chronic inflammatory diseases [12]. 
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Finally, other authors have shown that peripheral monocytes harvested from 
patients with COPD are capable of producing more TNF-a when stimulated in vitro 
than those obtained from healthy controls [13]. This was particularly evident in 
patients with COPD and low body weight, suggesting that an excessive production 
of TNF-a by peripheral monocytes may play a role in the pathogenesis of weight 
loss in COPD [13]. 

Systemic oxidative stress 

To assess whether patients with COPD had systemic oxidative stress, Rahman and 
co-workers determined the plasma Trolox-equivalent antioxidant capacity (TEAC) 
and the levels of products of lipid peroxidation in non-smokers, healthy smokers 
and COPD patients [14]. They found that both indices were significantly increased 
by smoking and COPD, particularly during exacerbations of the disease [14]. Prat- 
ico et al. also found that the urinary levels of isoprostane F 2a TII, a stable prosta- 
glandin isomer formed by ROS dependent peroxidation of arachidonic acid, were 
higher in patients with COPD than in healthy controls matched for age, sex and 
smoking habit [15]. Again, differences were more pronounced during exacerbations 
of the disease [15]. 

Unexplained weight loss 

Unexplained weight loss occurs in about 50% of patients with severe COPD and 
chronic respiratory failure, but can also be seen in patients with mild to moderate 
disease [20]. It is mostly due to loss of skeletal muscle mass, loss of fat mass con- 
tributing to a lesser extent [20]. The mechanisms underlying this phenomenon are 
discussed below, (see “Skeletal muscle dysfunction”). Unexplained weight loss is a 
significant prognostic factor in COPD [21, 22]. Further, it is independent of the 
prognostic indicators that assess the degree of pulmonary dysfunction, such as FEV^ 
or Pa0 2 [21, 22]. Therefore, it identifies a new systemic domain of COPD not con- 
sidered by the traditional measures of lung function. Because prognosis improves in 
those COPD patients who regain weight after appropriate therapy, in the absence of 
changes in lung function [21], unexplained weight loss has to be taken into account 
in the clinical assessment of patients with COPD [23]. 



Skeletal muscle dysfunction 

Skeletal muscle dysfunction (SMD) is common in patients with COPD and con- 
tributes significantly to limit their exercise capacity and quality of life [2]. It is char- 
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acterised by two different, but possibly related, phenomena: (1) net loss of muscle 
mass, an intrinsic muscular phenomenon; and (2) dysfunction of the remaining mus- 
cle. The latter may be secondary to either intrinsic muscle alterations (mitochondri- 
al abnormalities, loss of contractile proteins) or alterations in the external milieu 
under which the muscle works (hypoxia, hypercapnia, acidosis), resulting from the 
abnormalities of pulmonary gas exchange that characterise COPD. Although con- 
ceptually important, the separation of these two aspects of SMD is extremely diffi- 
cult in vivo and, probably, both play some role in any given patient. With this caveat 
in mind, the text that follows discusses potential mechanisms of SMD in COPD. 



Sedentarism 

Patients with COPD often adopt a sedentary lifestyle. Physical inactivity causes net 
loss of muscle mass, reduces the force generation capacity of the muscle and 
decreases its resistance to fatigue. Exercise training improves muscle function in 
COPD patients [24, 25], indicating that sedentarism is likely to be an important 
contributor to SMD. However, complete normalisation of muscle physiology is 
often not fully achieved after rehabilitation and, more importantly, some biochemi- 
cal abnormalities found in the muscles are unlikely to be explained by physical inac- 
tivity [12]. For instance, at variance with the normal training response, exercise in 
patients with COPD enhances the release of amino-acids from skeletal muscle, par- 
ticularly alanine and glutamine [26], suggesting the presence of intrinsic muscle 
abnormalities of the intermediate amino-acid metabolism [27]. 



Tissue hypoxia 

Several observations support a potential pathogenic role for tissue hypoxia in the 
development of SMD in COPD. First, chronic hypoxia suppresses protein synthesis 
in muscle cells, causes net loss of amino acids and reduces the expression of myosin 
heavy chain isoforms [28]. Second, healthy subjects at high altitude (hypobaric 
hypoxia) lose muscle mass [29]. Third, skeletal muscle from patients with COPD 
and chronic respiratory failure present structural (decrease of type I fibers [30]) and 
functional alterations (up-regulation of mitochondrial cytochrome oxidase [12]) 
proportional to the severity of arterial hypoxemia. 



Systemic inflammation 

As discussed above, these patients show increased plasma levels of a variety of pro- 
inflammatory cytokines, particularly TNF-a [3-5, 7, 31]. TNF-a can affect muscle 
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cells in several ways [32]. In differentiated myocites studied in vitro , TNF-a acti- 
vates the transcription factor NF-kB and degrades myosin heavy chains through the 
ubiquitin-proteasome complex (U/P) [32]. Several studies have now shown that a 
disregulation of the U/P system contributes to the loss of muscular mass caused by 
sepsis or tumours in rats [33]. Whether this also occurs in COPD patients has not 
yet been investigated. Alternatively, TNF-a can induce the expression of a variety of 
genes, such as the inducible form of the nitric oxide synthase (iNOS) (see below), 
the TNF-a gene itself or those of many other pro-inflammatory cytokines, that 
would create a closed loop and contribute to the persistence and amplification of 
the inflammatory cascade [32]. Finally, TNF-a can induce apoptosis in several cell 
systems and we have shown recently that excessive apoptosis of skeletal muscle do 
indeed occur in patients with COPD and weight loss [34]. 



Oxidative stress 

Systemic oxidative stress occurs in COPD [14, 15]. It can cause muscle fatigue [35] 
and facilitates proteolysis [33]. Further, the regulation of glutathione (GSH), the 
most important intra-cellular anti-oxidant [18], seems abnormal in skeletal muscle 
of patients with COPD [36]. 



Nitric oxide 

The role of nitric oxide (NO) in the pathogenesis of SMD in COPD is unclear, but it 
could play a mechanistic role through several, not mutually exclusive, pathways. First, 
given that the number of capillaries in skeletal muscle of patients with COPD is lower 
than normal [37], it is conceivable that the expression of the endothelial isoform of the 
NO synthase (eNOS) will also be reduced. This can alter the control of the microcir- 
culation and the supply of oxygen to the working muscle, resulting eventually in tissue 
hypoxia. And, second, systemic inflammation can up-regulate the expression of the 
inducible form of NOS (iNOS) in skeletal muscle, causing protein nitrotyrosination 
and facilitating protein degradation through the U/P system [33], enhancing skeletal 
muscle apoptosis [38] and/or causing contractile failure [39]. Results from our labora- 
tory indicate that excessive protein nitrotyrosination and skeletal muscle apoptosis do 
both indeed occur in patients with COPD and low body weight [34, 40], 



Tobacco smoke 

Although it is accepted that tobacco smoke is the main risk factor for COPD [1], 
much less attention has been paid to the potential effects of tobacco smoke on SMD 
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in COPD. Yet, tobacco smoke contains many substances potentially harmful for the 
skeletal muscle. For instance, nicotine alters the expression of important growth fac- 
tors involved in the maintenance of the muscular mass, such as TGF-pl [41], and 
competes with acetylcholine for its receptor at the neuromuscular junction, thus 
having the potential to affect directly muscle contraction [42], 



Genetic background 

Not all patients with COPD loose muscle mass during the course of their disease 
[20], suggesting a potential role for the genetic background of the individual. The 
potential genes involved in this process are unknown but the angiotensin converting 
enzyme (ACE) gene is a potential candidate because it is known to influence the 
muscle response to training in athletes [43] and the development of right ventricu- 
lar hypertrophy in patients with COPD [44], Further, a very recent report has shown 
that the use of ACE inhibitors can reduce the normal decline of muscle mass that 
occurs in ageing and can improve exercise capacity [45]. Other genes potentially 
involved in SMD include the transcription factors MyoD and MEF-2, as well as 
genes related to the histone acetylation-deacetylacion process (CBP/p300; HDAC- 
5), which have very recently been shown to play a fundamental role in the failure of 
muscle cells to regenerate after injury in patients with cancer cachexia [46, 47], 
Their role in COPD has not been explored yet. 



Endocrine disruption 

Low testosterone and growth hormone levels [48, 49] and reduced plasma leptin 
concentration [50-52] are other potential mechanisms that, alone or in combina- 
tion, can contribute to SMD in patients with COPD. 



Other (potential) systemic effects of COPD 

The text that follows discusses the potential role of other, still poorly defined, sys- 
temic features of potential relevance in COPD. 



Cardiovascular effects 

Using echo-doppler technology it has been shown that the endothelial function of 
the renal circulation is abnormal in patients with COPD [53, 54]. Whether or not 
this abnormality may also occur in other systemic vascular territories is not known 
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at present. Likewise, in the absence of coronary artery disease and overt cor pul- 
monale, it is presently unclear whether left ventricular function is normal in stable 
patients with COPD. Cardiac output increases normally during exercise, even in 
severe COPD [55]. However, at peak exercise, cardiac output is about 50% of what 
a normal subject of the same age could achieve (at a correspondingly higher level of 
oxygen uptake, of course) [55]. This observation admits two potential explanations. 
First, despite the capacity of the heart to generate a higher cardiac output, this does 
not increase more than needed for the level of exercise. Second, left ventricular func- 
tion may be compromised in COPD, and a higher cardiac output could not be 
achieved. This will require further studies. 



Nervous system effects 

Different aspects of the nervous system may be abnormal in patients with COPD. 
Using nuclear magnetic resonance (spectroscopy). Mathur et al. have recently 
shown that the bio-energetic metabolism of the brain is altered in these patients 
[56]. Whether this represents a physiological adaptation to chronic hypoxia, as it 
occurs at altitude [57], or it may be considered another systemic effect of COPD 
mediated by other unknown mechanisms is unclear. Likewise, patients with COPD 
present a high prevalence of depression [58]. Although this may simply represent a 
physiological response to a chronic debilitating disease, it is equally plausible that it 
may bear some relationship to the systemic inflammation that occurs in COPD, 
because TNF-a and other cytokines and molecules such as NO have been implicat- 
ed in the pathogenesis of depression in several experimental models [59]. Finally, 
some recent data suggest that the autonomic nervous system may also be altered in 
patients with COPD [60]. Takabatake et al. showed indirect evidence of abnormal 
autonomic control in patients with COPD, particularly those with low body weight 
[60]. 

Osteo-skeletal effects 

The prevalence of osteoporosis is increased in patients with COPD [61]. This can 
have multiple causes, including malnutrition, sedentarism, smoking, steroid treat- 
ment and systemic inflammation [61]. Thus, excessive osteoporosis in relation to 
age could also be considered a systemic effect of COPD [62]. In fact, it is interest- 
ing to note that emphysema and osteoporosis are both characterised by net loss of 
lung or bone tissue mass and, pictorially, an osteoporotic bone looks quite similar 
to an emphysematous lung! It is therefore tempting to speculate that, perhaps, both 
conditions share common mechanisms explaining the accelerated loss of tissue mass 
or its defective repair. This intriguing possibility merits future studies because a bet- 
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ter understanding of the causes of the “excessive” osteoporosis of COPD may allow 
the design of new therapeutic alternatives that, eventually, may contribute to palli- 
ate its symptoms and to reduce the associated health care costs. 



Conclusions 

COPD can no longer be considered a disease affecting only the lungs. Available evi- 
dence indicates that COPD is associated to important systemic features. Further it 
is now clear that the clinical assessment of COPD ought to take into consideration 
the systemic components of the disease and that the treatment of these extra-pul- 
monary effects appear to be important in the clinical management of the disease. 
Therefore, a better understanding of the systemic features of COPD may allow the 
development of new therapeutic strategies that might eventually result in a better 
health status and better prognosis for the patients suffering this devastating disease. 
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Introduction 

Rehabilitation has been practised for several decades, but its application in respira- 
tory disease is relatively recent. Although by definition chronic obstructive pul- 
monary disease (COPD) is a disease state characterised by the presence of a pro- 
gressive and irreversible airflow obstruction, the primary treatment traditionally 
consists of pharmacological modulation of the airflow limitation by bronchodilat- 
ing and anti-inflammatory agents. Despite symptomatic relief after optimal phar- 
macological intervention, most COPD patients still suffer from functional deficit. 
This minimal therapeutic approach is therefore no longer considered as acceptable 
in a state of the art management of COPD aimed at reduction of symptoms, 
improvement in health status and prevention and treatment of secondary complica- 
tions [1, 2]. 

In 1974 a committee of the American College of Chest Physicians proposed the 
following definition of pulmonary rehabilitation: “An art of medical practice where- 
in an individually tailored, multidisciplinary program is formulated which through 
accurate diagnosis, therapy, emotional support and education stabilises or reverses 
both physio-pathological and psycho-pathological manifestations of pulmonary dis- 
eases and attempts to return the patient to the highest possible functional capacity 
allowed by his handicap and overall life situation” [3]. 

More recent definitions were formulated by the National Institute of Health 
(NIH) and by a task force of the European Respiratory Society (ERS). The NIH 
defined pulmonary rehabilitation as “a multidimensional continuum of services 
directed to persons with pulmonary disease and their families, usually by an inter- 
disciplinary team of specialists, with the goal of achieving and maintaining the indi- 
vidual’s maximum level of independence and functioning in the community “ [4], 
According to the ERS task force, pulmonary rehabilitation must be considered as “a 
process which systematically uses scientifically based diagnostic management and 
treatment options in order to achieve the optimal daily functioning and health relat- 
ed quality of life of individual patients suffering from impairment and disability due 
to chronic respiratory diseases as measured by clinically and/or physiologically rel- 
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evant outcome measures” [5]. The statement of the American Thoracic Society 
(ATS) on pulmonary rehabilitation supports previous definitions by defining pul- 
monary rehabilitation as “a multidisciplinary program of care for patients with 
chronic respiratory impairment which is individually tailored and designed to opti- 
mise physical and social performance and autonomy of the patient” [6]. 

These definitions refer to a philosophical concept of rehabilitation as a process 
to restore an individual to the fullest medical, mental, emotional, social and voca- 
tional potential of its capability. This holistic approach of rehabilitation is based on 
the definition of health by the WHO as a state of complete physical,- mental and 
social wellbeing. Present definitions are also based on the widely applied interna- 
tional classification model for impairments, disablement and handicaps (ICIDH) 
[7]. Impairment in this context specifically refers to the affected organ system. Dis- 
ablement describes the decreased exercise capacity while handicap refers to the over- 
all influence on the ability of the person to function in society. Based on irre- 
versibility of the primary organ impairment, rehabilitation initially included the 
whole continuum of multidisciplinary services directed to manage the consequences 
of impairment and disablement on a patients’ life. Recent insight into the underly- 
ing pathophysiology of local and systemic impairment in COPD directly linked to 
the level of disablement, allows a more precise definition of rehabilitation in the 
management of COPD, i.e., a continuum of multidisciplinary services, directed to 
modulate the impact of the disease process on a patient’s life. Scientifically-based 
intervention strategies directed to modulate local and systemic impairment and 
related disablement, should be considered as non-pharmacological treatment of the 
disease. Based on careful and systematic diagnostic work-up, non-pharmacological 
treatment modalities should be an integrated part in the COPD management 
process. This approach fits with the view of the revised ICIDH-2 classification stat- 
ing that healthy functioning and disablement form a continuum as outcomes of an 
interaction between a person’s physical or mental condition and the physical and 
social environment in which they live [8]. 



Selection of candidates for rehabilitation 

Although pulmonary rehabilitation programs have been widely applied in COPD 
patients, it is unclear what patients are good candidates. The ATS statement con- 
siders pulmonary rehabilitation indicated for patients with chronic impairment who 
despite optimal medical management are dyspnoeic, have reduced exercise tolerance 
or experience a restriction in activities [6], Several studies have clearly shown that 
disease severity in COPD should not only be based on FEV^ but also on other fac- 
tors of local impairment as well as on measures of disablement (i.e., maximal oxy- 
gen uptake, exercise capacity, pulmonary hyperinflation, maximal respiratory pres- 
sures, dyspnoea and quality of life ratings [9-11]). 
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Irrespective of the complexity of the underlying pathophysiology, improvements 
in dyspnoea and exercise tolerance are considered as attainable targets of interven- 
tion in pulmonary rehabilitation. Therefore, pulmonary rehabilitation refers to the 
whole spectrum of non-pharmacological treatment interventions, directed to atten- 
uate the persistent impaired health status after present pharmacological treatment 
and should be considered in every COPD patient, independent of the degree of air- 
flow limitation [12]. Indeed, similar gains in physical performance and health status 
were reported in COPD patients with severe, moderate and mild disease based on 
spirometric criteria (ATS) [12]. 



Dimensions of pulmonary rehabilitation programs 

Based on the historically defined concept of pulmonary rehabilitation, each patient 
enrolled in a rehabilitation program has to be considered as a unique individual 
with specific physical and psychological impairment caused by the underlying dis- 
ease. Therefore, pulmonary rehabilitation programs incorporate many different 
therapeutic modalities in a comprehensive, multidisciplinary care program. The 
efficacy and effectiveness of some components is scientifically proven. In order to 
improve quality of life, or to promote self-management behavior, it is also impor- 
tant to consider the different dimensions of pulmonary rehabilitation, the aim, the 
focus and the directness of the intervention [13]. The aim may range from reduc- 
tion and control of respiratory symptoms, improvement in quality of life to reduc- 
tion of psychological impact of physical impairment and disability. The focus can 
be on the individual, a group or the environment. The approach can be direct or 
indirect. Interventions that aim at improvement of, for example quality of life, will 
focus on improvement of general psychological, social, practical and physical well- 
being of the patient. Such interventions can involve physical exercise programs as 
well as stress-management programs, social skills training or different kinds of 
counseling and support. The level of focussing of the intervention depends on the 
aim of the intervention and the expected efficiency. Group training is highly appre- 
ciated by patients; psychological group interventions directed at both patients and 
partners can increase efficiency in order to achieve management goals. Further- 
more, interventions can be directed at change or adaptation of the environment of 
the COPD patient. These interventions are often specified by the term “social engi- 
neering”, because they try to modify living, work, or leisure-time situations and 
healthy lifestyles of the patient from a social or patient perspective [14]. Finally, the 
directness of an intervention has to be considered. Indirect interventions can be 
considered to improve social support for the patient or to train other professionals 
in intervention skills. Components of a rehabilitation program are individualized 
based on a careful assessment of the patient, not limited to lung function testing, 
but addressing physical and emotional deficits, knowledge of the disease, cognitive 
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and psychosocial functioning as well as nutritional assessment. This assessment 
should not be performed once, but be an on-going process during rehabilitation. 
This theoretical approach however is still largely unattainable in most rehabilita- 
tion programs, due to limited resources for non-pharmacological intervention 
strategies in COPD. 



Outcome of rehabilitation in COPD 

Several studies documented the outcome of comprehensive pulmonary rehabilita- 
tion programmes. Ries et al. [15] compared the effects of a comprehensive pul- 
monary rehabilitation program including exercise reconditioning with education 
alone on physiological and psychosocial outcomes in COPD. Pulmonary rehabili- 
tation consisted of twelve four-hour sessions of education, physical and respirato- 
ry care instruction, psychosocial support and supervised exercise training, followed 
by monthly reinforcement sessions for one year. The education group received two- 
hours sessions that included videotapes, lectures and discussions. The comprehen- 
sive rehabilitation program produced a significant increase in maximal exercise tol- 
erance, maximal oxygen uptake, exercise endurance, self-efficacy for walking asso- 
ciated with a marked reduction of perceived breathlessness, muscle fatigue and 
shortness of breath. Most of these effects persisted for 18-24 months although ben- 
efits tended to diminish after one year. Positive effects of rehabilitation on dyspnoea 
were confirmed by the results of O’Donnell et al. [16], who demonstrated that 
supervised multi-modality endurance exercise training relieved both chronic and 
acute activity-related breathlessness and that this relief of breathlessness was relat- 
ed to a fall in ventilatory demand during exercise as a result of enhanced mechan- 
ical efficiency. This improvement in breathlessness was translated into significant 
improvement in exercise capacity and into greater ability to participate in activities 
of daily living. Goldstein et al. [17] reported similar results in a prospective ran- 
domized controlled trial of respiratory rehabilitation including 89 subjects. Exer- 
cise activities consisted of interval training, treadmill, upper-extremity training and 
leisure walking as part of an eight-weeks in-patient rehabilitation program. Signif- 
icant improvements in exercise tolerance, measured by submaximal cycle time and 
walking distance were demonstrated that sustained for at least six months. Signif- 
icant improvements were also noted in the scores on a dyspnoea questionnaire. 
Other studies demonstrated that beneficial effects are even achieved after home- 
based pulmonary rehabilitation programmes: improvements in maximal workload, 
symptom-limited oxygen uptake and maximal inspiratory pressure together with a 
decrease of lactate, inspiratory muscle load and dyspnoea during maximal exercise 
were reported. These effects were maintained over 18 months [18, 19]. Wedzicha 
et al. [20] tested the hypothesis that severity of respiratory disease affects the out- 
come of pulmonary rehabilitation. In a randomized, controlled study patients with 
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COPD were stratified for dyspnoea using the Medical Research Council (MRC) 
dyspnoea score and the patients were randomly assigned to an eight-week program 
of either exercise plus education or education alone. Improvements in exercise per- 
formance and health status were higher in patients with moderate levels of dysp- 
noea. 

Others have confirmed positive effects of pulmonary rehabilitation on the short- 
term and long-term even by inexpensive, comprehensive out-patient programs 
[21-23], although continuation of supervised training is generally recommended in 
order to maintain training effects. A meta-analysis of respiratory rehabilitation 
demonstrated that pulmonary rehabilitation relieves dyspnoea and improves the 
control over COPD; these improvements were considered clinically relevant while 
the value of improvement in exercise capacity was less convincing [24]. 

More recent studies evaluated the outcome of pulmonary rehabilitation, in 
terms of cost-effectiveness. Goldstein et al. [25] reported an economic analysis of 
two months of in-patient rehabilitation followed by four months of out-patient 
supervision. The incremental cost of achieving improvements beyond the minimal 
clinically important difference in dyspnoea, emotional function and mastery was 
$ 11.597 (Canadian). More than 90% of this cost was attributable to the in-patient 
part of the program. Of the non-physician health care professionals, nursing was 
identified as the largest cost center, followed by physical therapy and occupational 
therapy. 

Troosters et al. [26] reported that a six-month out-patient rehabilitation pro- 
gram that involved moderate-to-high training intensity did not alter pulmonary 
function, but did improve functional and maximal exercise performance, peripher- 
al and respiratory muscle strength, and quality of life when compared to usual care 
in patients with severe COPD. These improvements in functional and maximal exer- 
cise performance were clinically relevant and were maintained 18 months after the 
onset of training. This out-patient program had a mean cost per patient of approx- 
imately $2,600 to achieve a mean improvement of 52 m in six-minute walking dis- 
tance at six months. Griffiths et al. [27] analysed the effects of out-patient pul- 
monary rehabilitation on use of health care and patients’ wellbeing over one year. 
They reported no difference between the rehabilitation and control groups in the 
number of patients admitted to the hospital but showed a difference in the number 
of days spent in hospital. 

Furthermore, they demonstrated that the rehabilitation group had more prima- 
ry care consultations at the general practitioners’ premises than did the control 
group but fewer primary care home visits. The rehabilitation group showed greater 
improvements in walking ability and in health status. Such benefits in health status 
as well as in hospitalisations persisting for a period of two years after out-patient 
rehabilitation, are confirmed in literature [28]. 

In summary, there is now convincing evidence in literature for the efficacy and 
effectiveness of comprehensive pulmonary rehabilitation programs. 
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Components of rehabilitation programs 

Exercise training 

Impaired exercise tolerance is a prominent feature in patients suffering from COPD. 
Exercise limitation may be the result of changes in a wide spectrum of local impair- 
ment: reduced expiratory airflow as a consequence of poor elastic recoil; increased 
airways resistance leading to increased work of breathing and increased ventilatory 
drive; reduced pulmonary vascular bed and increased pulmonary vascular resistance 
contributing to exercise induced hypoxaemia; impaired cardiac output by impedi- 
ment of right heart filling and left ventricular systolic function. Besides, leg fatigue 
due to peripheral muscle weakness is a common limiting symptom during exercise 
in COPD [29]. Several factors may contribute to skeletal muscle dysfunction in 
COPD: chronic inactivity, systemic inflammation, systemic corticosteroid adminis- 
tration, hypoxaemia, electrolyte disturbances and nutritional depletion. In addition 
intrinsic abnormalities in skeletal muscle structure and metabolism have been 
reported: decreased oxidative capacity [30], a greater proportion of fatigue-suscep- 
tible fibers as a consequence of shifts from type 1 fibers to type 2 fibers [31] and 
depletion of energy rich substrates [32]. A decreased oxidative capacity is related to 
an increased lactic acidosis for a given exercise work rate and enhanced ventilatory 
needs by increasing non-aerobic carbon dioxide production. This requirement 
imposes an additional burden on the respiratory muscles that already face increased 
impedance to breathing. Exercise in COPD may also induce early-onset of muscle 
intracellular acidosis [33]. Intrinsic muscular abnormalities are not comparable for 
lower limb muscle and the diaphragm. In severe COPD patients, opposite changes 
in diaphragmatic fiber composition have been reported towards a higher proportion 
of fatigue resistant fibers [34]. Mechanical disadvantage and altered muscle fiber 
length as a consequence of static and dynamic hyperinflation therefore mainly con- 
tribute to respiratory muscle dysfunction. A possible imbalance between inspirato- 
ry muscle function and increased muscle demand related to the increased resistive 
and elastic load is an important determinant of dyspnoea, susceptibility to inspira- 
tory muscle fatigue, drive on the respiratory muscles and hypercapnia [35]. 

COPD specific abnormalities in respiratory and peripheral skeletal muscle func- 
tion are generally not considered in the prescription of exercise training for COPD. 
However in order to determine the nature of exercise limitation and to be able to 
prescribe a tailor made exercise program appropriate exercise testing is a prerequi- 
site. 



Physiological outcome of exercise training in COPD 

Although exercise training is considered as the cornerstone of a rehabilitation pro- 
gram, the physiological benefits of exercise training remained unclear until the 
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1990s. Due to their ventilatory limitation it was generally thought that COPD 
patients are unable to achieve a training intensity sufficiently high to train exercis- 
ing muscles. Casaburi et al. [36] however clearly showed that physiologic training 
responses could be observed in these patients. At a given level of exercise, significant 
reductions in blood lactate, C0 2 production, minute ventilation, 0 2 consumption 
and heart rate were observed. The ventilatory requirement for exercise dropped 
after an effective training program in proportion to the drop in blood lactate at a 
given work load. Based on these data and the results of other studies [37] it can be 
concluded that physiologic adaptation to training may occur in COPD patients. A 
reduction in lactic acid production by the contracting muscles is probably the main 
mechanism underlying this adaptive process. Indeed early lactic acid production 
during exercise is reported in COPD patients probably related to a decreased oxida- 
tive capacity and altered muscle substrate metabolism. Maltais et al. showed a 
decreased capacity of the Krebs cycle enzyme citrate synthase in the m. vastus lat- 
eralis in COPD [30] while Engelen demonstrated a relationship between decreased 
muscular glutamate status and early lactic acid production [38]. Subsequently an 
improvement in citrate synthase was shown [37] after a three month endurance 
training program being related to the reduction in exercise-induced lactic acidosis in 
these patients. 

Beneficial effects of training in patients with COPD are also reported on skeletal 
muscle bioenergetics assessed by NMR-spectroscopy. The half-time of phosphocre- 
atine (PCr) recovery fell significantly after an eight-weeks endurance training pro- 
gram and at a given submaximal work rate, improved bioenergetics was reflected in 
a decreased inorganic phosphate to phosphocreatine ratio and an increased intra- 
cellular pH. In summary, these data indicate that physiological changes provoked by 
endurance training are observed at the level of skeletal muscle adaptations during 
submaximal exercise [39]. 



Intensity, specificity and duration of lower extremity training 
The optimal mode of exercise training still remains a matter of debate. In general, 
exercise training can be divided into two types: aerobic or endurance training and 
strength training. The majority of the studies of exercise training in COPD have 
focused on endurance training. In healthy subjects recommendations are available 
about duration, intensity and frequency for aerobic training [40, 41]. According 
to these recommendations, aerobic training calls for rhythmical, dynamic activity 
of large muscles, performed 3-4 times a week for 20-30 min per session at an 
intensity of at least 50% of maximal oxygen consumption. Such a program of aer- 
obic training is capable of inducing structural and physiological adaptations that 
provide the trained individual with improved endurance for high-intensity activi- 
ty. Most of the rehabilitation programs include exercise sessions of at least 30 min, 
3-5 times a week. Although no ideal duration has been established, duration in 
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many programs is between eight and 12 weeks. In order to assess the optimal 
duration of a pulmonary rehabilitation program, one randomized controlled trial 
investigated a seven week twice-weekly out-patient based program with a compa- 
rable but shortened four week program. The seven weeks course of pulmonary 
rehabilitation provided greater benefits in terms of improvement in health status 
[42]. 

Limited information is also available on physiological outcome of different types 
of exercise testing. Most studies have investigated the physiological response of con- 
tinuous training at a given work load in order to stress oxidative metabolism. Oth- 
erwise, interval training has been evaluated since by alternating high and lower 
training load it resembles more closely daily activity pattern especially in severe 
COPD patients. Furthermore interval training may also stress glycolytic metabo- 
lism. One comparative study indeed showed that continuous training resulted in a 
significant increase in oxygen consumption, and a decrease in minute ventilation 
and ventilatory equivalent for carbon dioxide at peak exercise capacity, while no 
changes in these measures were observed after interval training [43]. A significant 
reduction in lactic acid production was observed after both training modalities but 
most pronounced in the continuous training group. Remarkably, in the interval 
training group a decrease in leg pain was reported as well as a significant increase 
in peak workload. 

Limited data is available comparing concentric exercise (positive work) with 
eccentric exercise (negative work) as part of the rehabilitation program. In 
patients with COPD the ventilatory requirements of eccentric exercise are con- 
siderably lower than those of concentric exercise at similar work loads resulting 
in a greater ventilatory reserve and less disturbed gas exchange [44]. Therefore, 
eccentric work might be a suitable type of exercise and training in patients with 
limited ventilatory reserves. In one randomized trial, the effects of eccentric exer- 
cise training in addition to general exercise training on exercise performance and 
health status were compared. It was reported that pulmonary rehabilitation 
improved exercise performance and health status similarly in both training 
groups but physiological training effects were observed only in the eccentrically 
trained group [45]. 

The optimal training intensity for COPD patients is still a matter of debate. In 
healthy subjects training is normally targeted on base of maximal heart rate 
(60-90% of predicted) or the percentage of maximal oxygen uptake (50-80% pre- 
dicted) [40]. However, principles of exercise intensity derived from health subjects 
may not be applicable for pulmonary patients who are limited by breathing capac- 
ity and dyspnoea. Some investigators have reported that patients with COPD can 
tolerate high-intensity training. These patients could even be trained at an intensity 
which represents a higher percentage of maximum exercise tolerance than recom- 
mended for healthy subjects, because they can sustain ventilation at a high percent- 
age of their maximum breathing capacity [46-48]. In some studies, it was even con- 
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eluded that high intensity training is superior to low intensity training [36]. Others 
in contrast concluded that most patients with COPD are unable to achieve high 
intensity training, defined as a training intensity of 80% of baseline maximal power 
output [49]. Furthermore, these authors demonstrated that the intensity of training 
achieved, is not influenced by the initial baseline maximal oxygen consumption, age 
or the degree of airflow limitation. 

Clark et al. [50] investigated the physiological benefits of an exercise program 
that concentrated on isolated conditioning of peripheral skeletal muscles rather than 
whole-body aerobic training on the premise that a cumulative set of individual limb 
exercises would be better tolerated by the patients than whole body exercise. Indeed 
the training group showed significant improvement in a variety of measures of 
upper and lower limb muscle performance, with no additional breathlessness. Fur- 
thermore, the training group showed a reduction in ventilatory equivalents for oxy- 
gen and carbon dioxide, both at peak exercise and at equivalent work rate. An 
increase in efficiency of peripheral oxygen extraction by the skeletal muscle was 
hypothesized to explain these physiological responses. 

Vallet et al. [51] tested the effect of two methods of training, one individual- 
ized at the heart rate corresponding to the gas exchange threshold and the other 
at 50% of maximal heart reserve. While a significant increase in symptom-limited 
oxygen uptake and maximal oxygen pulse was measured after the individualized 
protocol, no significant changes were observed after the standard training proto- 
col. Individualized training also exhibited a concomitant and gradual decrease in 
minute ventilation, carbon dioxide production and venous lactate concentration. 
These results clearly indicate that despite an apparently similar overall target train- 
ing level, individualized training clearly optimized the physiological training 
effects in patients with chronic airflow limitation and decreased their ventilatory 
requirement. 

Only limited data are available on the effects of strength training in patients with 
pulmonary disease. Strength training involves the performance of explosive tasks 
such as weightlifting over a short period of time. Simpson et al. [52] reported a 73% 
increase in cycling endurance time at 80% of maximal power output following eight 
weeks of weightlifting training of the upper and lower extremity muscles. Other- 
wise, no significant changes in maximal cycling exercise capacity or walking dis- 
tance were observed. Others confirmed that weight training can improve treadmill 
walking endurance of patients with mild COPD and that this improvement in tread- 
mill endurance correlated with improvements in upper and lower limb isokinetic 
sustained muscle strength following training [53]. The outcome of a combination of 
strength training and endurance training also needs further evaluation. In one study 
a combination of aerobic endurance training and strength training resulted in a sig- 
nificant increase in quadriceps strength, thigh muscle cross-sectional area and pec- 
toralis major muscle strength but no specific influence on peak work rate, walking 
distance or health status was seen [54]. 
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Upper extremity training 

Patients with COPD frequently report disabling dyspnoea for daily activities involv- 
ing the upper extremities such as combing the hairs, brushing teeth or shaving. It is 
known that even in healthy persons arm exercise is relatively more demanding than 
leg exercise. Some studies have demonstrated that arm elevation is related to a dis- 
proportionate increase in the diaphragmatic contribution to the generation of ven- 
tilatory pressures [55] and that arm elevation is a fatiguing task for the muscles 
involved as assessed by electro-myographic data. In COPD patients, studies have 
reported that arm exercise has effects on breathing pattern, recruitment of expira- 
tory muscles as well as on the metabolic and ventilatory response pattern [56-60]. 
However, relatively few data have evaluated the effects of upper extremity (UE) 
training relative to lower extremity training. Studies have demonstrated that UE 
training leads to improved arm muscle endurance during isotonic arm ergometry 
[61] and that arm training conducted during a pulmonary rehabilitation program 
led to a reduced metabolic demand for arm exercise [55]. Based on present findings, 
it can be concluded that strength and endurance training of the UE improves arm 
function and that these exercises can be safely incorporated in rehabilitation pro- 
grams for patients with pulmonary diseases. Further studies are needed to explore 
the effects of arm training on functional outcomes, to evaluate different forms of 
arm exercise training programs and to determine the effect of arm exercise training 
on respiratory muscle function. 



Ventilatory muscle training 

There is accumulating evidence in literature for respiratory muscle dysfunction espe- 
cially in COPD patients. Four main factors may explain inspiratory muscle dys- 
function in COPD: 1) mechanical disadvantage associated with hyperinflation; 2) 
altered muscle fiber length as important determinant of the force-generating capac- 
ity; 3) alterations in the intrinsic muscle structure, manifested by changes in fiber 
type composition and muscle mass; and 4) electrolyte disturbances [62]. Interven- 
tions directed to improve respiratory muscle performance have to consider the force 
developed during contraction as a fraction of the maximal force (measured by the 
ratio Pbread/Pmax) an d the duty cycle for the inspiratory muscles. Changes in duty 
cycle are difficult to obtain. Therefore, interventions directed to improve respirato- 
ry muscle performance focus on lowering the ratio Pbreath^MAX by reducing the load 
on the respiratory muscles or by improving their force-generating capacity. Ventila- 
tory muscle training is generally practiced in order to increase respiratory muscle 
strength. Two types of training are commonly applied in ventilatory muscle train- 
ing: normocapnic sustained hyperpnoea and inspiratory resistance breathing. Dur- 
ing normocapnic hyperpnoea, supernormal target ventilation is required for 15 to 
20 minutes, during which carbon dioxide tension is kept constant. This form of 
training therefore requires complicated equipment to monitor the patients and 
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requires a medical facility in order to train the patients. Inspiratory resistance train- 
ing uses small hand-held devices based on a resistance, flow-dependent system or by 
applying a threshold valve as a flow-independent device. 

A recent meta-analysis reviewed the effects of inspiratory resistive training [63]. 
The effects of 17 reviewed studies were rather disappointing: non-significant 
changes in Pi-max (11 studies) and in respiratory muscle endurance (nine studies) 
were reported. These findings demonstrate that control of the training stimulus may 
be exceedingly important to induce the expected physiologic training response. 
Other studies have now demonstrated that respiratory muscle training, if properly 
applied, results in improved respiratory muscle strength or endurance [64]. This 
improvement in respiratory muscle function was associated with a decreased sensa- 
tion of dyspnoea. In patients that are ventilatory limited during exercise, target-flow 
inspiratory muscle training combined with peripheral muscle exercise training 
allowed for an additional improvement of walking distance and maximal exercise 
capacity compared to exercise training alone [65, 66], but these results could not be 
reproduced in patients with preserved inspiratory muscle function [67, 68]. 

Future studies on skeletal muscle training of ventilatory muscles relative to upper 
and lower limb muscles should also consider striking differences in muscular alter- 
ations between lower limb and respiratory muscles in COPD patients, probably 
reflecting the degree of muscle activity and muscle load. 



Education 

Patient education is generally used as “umbrella” term for various forms of goal- 
directed and systematically applied communication processes, directed at improve- 
ment of cognition, understanding and motivation, as well as on improvement of 
action- and decision-making possibilities of a patient to improve the coping with 
and recovery of the disease [69]. Ideally, patient education is a “planned learning 
experience using a combination of methods such as teaching, counseling and behav- 
ior modification techniques in order to influence patient knowledge and health 
behavior” [70]. Promotion of self-management behavior in COPD can be directed 
to improve adherence to medical advice with respect to medication and healthy life- 
style, aim at stabilization or retardation of progression or at avoidance of undesir- 
able consequences and complications. Medical advice to chronically ill patients can 
also be directed at various aspects of cognition and behavior [14]. 

An optimal education program for patients with COPD can be formulated as fol- 
lows [14]: 

1. The program should be conducted by experts specially trained in techniques to 
change behavior or irrational cognitions; 

2. Information should be provided in a structured way; 
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3. Although a group-program is preferable from a health economical perspective, 
a combination of an individualized program and a group-program may be most 
effective; 

4. Both participation of the social environment and attention for the problems of 
the partners should have a high priority to maintain newly-acquired skills and 
cognitions in the home situation; 

5. Both medical and psychosocial parameters should be emphasized; 

6. The responsibility of the patient for his own health must be emphasized; 

7. In order to promote the patient’s self-activity and to support the maintenance of 
behavioral changes in the home situation, additional materials should be made 
available to be used at home; 

8. Follow-up sessions are necessary to support the patient and his or her partner 
in the home situation; 

9. Specific patient education interventions should be implemented in a multi-disci- 
plinary program to improve physical and psychological functioning; 

10. Short- and long-term effects have to be evaluated by valid measurements. 

Studies concerning patient education in COPD patients are limited [71-75]. Most 
of the reported studies tried to improve self-management, decrease medical con- 
sumption, decrease life-stress and increase social support quality of life. Various 
professionals conducted most educational programs, but the environment of the 
patient was generally not involved and most of the studies did not pay attention to 
the partners. The overall impression in most studies is that some aspects of the dis- 
ease are positively affected like depression, anxiety, optimism, wellbeing, the num- 
ber and length of hospital admissions and use of health services. Most of these stud- 
ies however report only short-term effects. Van den Broek reported the effects of a 
patient education group intervention program as part of a pulmonary rehabilitation 
program [14]. Patients were randomly assigned to an experimental group and a con- 
trol group. Partners also participated to the study. Patients in the control group 
received medical advice and standard clinical care. The experimental group fol- 
lowed a structured educational program consisting of two components: an infor- 
mative part and an educational part. The total program was directed at teaching 
self-management skills. Patients were followed for 12 months after the end of the 
rehabilitation program. Limited or no effects could be demonstrated on variables 
for psychological functioning, physical functioning or for social and practical func- 
tioning. 

Stabilization or reversal of disease-related psychopathology was one of the ini- 
tially defined goals of pulmonary rehabilitation. Personality traits and intra-psychic 
conflicts as well as acute psychological states as panic, anxiety or depression are 
widely recognized problem categories in patients with COPD. Specific psychosocial 
intervention strategies are usually required in order to modify these problems. 
Kaptein and Dekker recently reviewed the nature of psychosocial support in differ- 
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ent rehabilitation programs. They concluded that relaxation techniques as predom- 
inantly passive form of intervention aimed at more controlled and efficient breath- 
ing, was the most frequently applied type of psychosocial support [76]. The authors 
concluded that future research is needed to assess the outcome of more specific psy- 
chosocial intervention strategies as well as to delineate the contribution of psy- 
chosocial intervention itself over and above pulmonary rehabilitation programs. 



Nutritional support 

The association between underweight and increased mortality risk has been well 
established in numerous retrospective studies ranging from selected COPD 
patients to population-based samples [1-3]. Two prospective studies even showed 
in COPD patients with a body mass index below 25 kg/m 2 that weight gain was 
associated with decreased mortality risk [2, 4]. It is not fully understood why 
COPD patients become underweight but weight loss and specifically loss of fat 
mass, is generally the result of a negative energy balance and appears to be more 
prevalent in patients with emphysema [5]. In contrast to an adaptive decreased 
energy metabolism during (semi) starvation, increased resting energy requirements 
have been observed in part of the COPD patients, linked to low-grade systemic 
inflammation [6, 7]. Studies in other chronic wasting diseases characterized by 
hypermetabolism and systemic inflammation (e.g., cancer, chronic heart failure, 
AIDS) have shown an adaptive decrease in activity induced energy expenditure so 
that daily energy expenditure is normal. In contrast, elevated activity induced and 
daily energy expenditure has been measured in free-living ambulatory COPD 
patients [8]. The cause of this disease-specific increase is not yet clear, but could 
be related to decreased mechanical efficiency of leg exercise through less efficient 
muscle energy metabolism, and increased oxygen cost of respiratory muscle activ- 
ity due to lung hyperinflation. An obvious choice to improve energy balance might 
thus be to decrease energy expenditure. However, according to the recent GOLD 
guidelines, pulmonary rehabilitation is evidence based and exercise training a key 
intervention to improve limited functional abilities and maintain an active lifestyle 
[9]. Since COPD patients may have an elevated energy metabolism and should at 
the same time be advised to increase exercise, restricting energy output will be 
hard to realise and may not be desirable. This implies that COPD patients who 
suffer from weight loss, and even some weight stable patients, should be encour- 
aged to increase their apparently normal energy intake. This Could avoid weight 
loss, specific loss of muscle mass, and a related decrease in functional ability, or 
could help them regain weight. Besides optimising the treatment of patients who 
are already underweight, it is therefore important to detect and reverse involun- 
tary weight loss in order to avoid functional decline. This may be achieved by 
increasing dietary intake per se or by altering dietary habits to include different 
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(energy-dense) foods and optimum timing of meals/snacks in relation to symptoms 
and activity patterns. 

Substrate oxidation and ventilation are intrinsically related and theoretically 
meal related dyspnoea and impaired ventilatory reserves might restrict the caloric 
amount and specifically the carbohydrate content of nutritional support in respira- 
tory disease. Earlier studies indeed showed adverse effects of a carbohydrate rich 
energy overload on C0 2 production and exercise capacity [10], but these results 
were not confirmed when using a normal energy load [11]. In fact even positive 
effects of a carbohydrate rich supplement relative to a fat-rich supplement on lung 
function and dyspnoea sensation were reported [12]. 



Caloric supplementation versus dietary change 

Nutritional interventions for COPD patients have focussed mainly on therapeutic 
caloric support, but few well-controlled studies (i.e., randomised controlled trials, 
RCTs) have so far been conducted. Ferreira and colleagues have recently reviewed 
the available studies on therapeutic dietary supplementation in a meta-analysis [13]. 
They managed to select only six RCTs that were considered to be of sufficient qual- 
ity, of which two were double-blinded. The pooled effects, based on the analysis of 
a total of 277 subjects, as well as the results of the individual studies, showed that 
the effect of nutritional support on anthropometries was minor at best and general- 
ly did not achieve clinical importance or statistical significance. Five of these stud- 
ies used oral supplementation and four were conducted among out-patients. These 
results contradict to some extent the results reported by Baldwin and colleagues 
[14], who reviewed the literature on dietary advice and supplementation interven- 
tions for patients with disease-related malnutrition in general (including COPD). 
Their conclusion was that dietary supplementation resulted in better effects on body 
weight than dietary advice. The review by Ferreira and colleagues’ made no distinc- 
tion between what may be called “failure to intervene” on the one hand and “fail- 
ure of the intervention” on the other. In some of the papers on which the meta- 
analysis was based, patients took the prescribed dietary supplements to replace reg- 
ular meals instead of as additional calorie input. In such cases the intervention did 
not succeed in a relevant increase in energy intake and therefore no weight gain 
could be expected. In the studies that did accomplish to increase energy intake, func- 
tional improvements were also observed. Further, studies investigating the effect of 
dietary supplementation were often conducted among severe COPD cases, in whom 
besides a negative energy balance, also a specific negative protein balance is often 
observed (as discussed below). Nevertheless, the meta-analysis and related studies 
do show that increasing energy intake among severe COPD cases is difficult to 
accomplish, and if energy intake is not increased, weight and functionality will cer- 
tainly not improve. Interventions should also be extended to prevention and early 
treatment of weight loss, that is, before patients are extremely wasted. This means 
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expanding the target group to include COPD out-patients and primary care patients 
before they have become underweight, and putting more emphasis on dietary 
change than on medically-prescribed supplementation. Few studies have been pub- 
lished on the possibilities and effects of voluntary dietary change among out- 
patients. Diet is often part of the focus in self-help or self-management programs for 
COPD patients and some of these programs have been evaluated. However there 
have not yet been any well-controlled studies of the prevention of weight loss in 
COPD. 



Nutritional modulation 

Body compositional studies have shown that weight loss is accompanied by signifi- 
cant loss of fat-free mass and that it is specifically the loss of fat-free mass or other 
measures of muscle mass that are related to impaired skeletal muscle strength and 
exercise capacity [15, 16]. These studies have furthermore shown that muscle wast- 
ing may also occur in normal weight stable subjects. A recent study even suggested 
that muscle mass is a better predictor of survival than body weight [17]. Wasting of 
muscle mass is due to an impaired balance between protein synthesis (anabolism) 
and protein breakdown (catabolism). Besides nutritional abnormalities and physical 
inactivity, altered neuro-endocrine response and presence of a systemic inflammato- 
ry response may contribute to a negative protein balance in chronic diseases. From 
a therapeutic perspective it is important to know the relative contribution of these 
factors to altered protein synthesis and protein breakdown respectively. While 
increasing dietary intake can compensate elevated energy requirements and vice 
versa , uncontrolled protein breakdown cannot be overcome by only increasing pro- 
tein synthesis and vice versa. 

Several studies have investigated in COPD and other chronic wasting disorders 
the effects of pharmacological anabolic stimuli to promote protein synthesis includ- 
ing anabolic steroids, growth hormone and insulin-like growth factor. No studies 
have yet specifically investigated the ability to induce or enhance muscle weight gain 
by nutritional modulation of protein synthesis or protein breakdown rates. Opti- 
mising protein intake and essential amino acid intake may stimulate protein syn- 
thesis per se , but also enhance efficacy of anabolic drugs [20] as well as physiolog- 
ical stimuli such as resistance exercise [21]. Further studies are also indicated to 
investigate whether an anabolic response may be enhanced by modulation of cellu- 
lar metabolism of the muscle by bio-active nutrients involved in muscle energy and 
substrate metabolism such as creatine, carnitine, antioxidants and amino acids. This 
exciting new area of research may shift the focus of nutritional therapy from mere- 
ly supportive care to modulation of oxidative metabolism in order to induce or 
enhance the response to pulmonary rehabilitation. 
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The need to develop new drugs 

There is a pressing need to develop new treatments for chronic obstructive pul- 
monary disease (COPD), as no currently available drug has been shown to reduce 
the relentless progression of this disease. Furthermore, recognition of the global 
importance and rising prevalence of COPD and the absence of effective therapies 
has now led to a concerted effort to develop new drugs for this disease [1,2]. How- 
ever, there have been disappointingly few therapeutic advances in the drug therapy 
of COPD, in contrast to the enormous advances made in asthma management that 
reflect a much better understanding of the underlying disease [3, 4]. 



Clinical pathophysiology 

Rational therapy depends on understanding the underlying disease process and 
there have been recent advances in understanding the cellular and molecular mech- 
anisms that may be involved. There is a particular need to develop drugs that sup- 
press the underlying inflammatory, fibrotic and destructive processes that underlie 
this disease (Fig. 1). At separate anatomical sites different pathological events occur 
in COPD (Fig. 2), with distinct physiological sequelae, that result in varying clinical 
manifestations. (1) Chronic bronchitis comprises chronic inflammation of the cen- 
tral airways and results in mucus hypersecretion, and a chronic productive cough. 
(2) Obstructive bronchiolitis involves inflammation of the peripheral airways result- 
ing in local airway wall fibrosis and remodelling and manifests as obstructive air- 
ways disease. (3) Emphysema has proteolytic destruction together with fibrosis and 
remodelling in the respiratory bronchioles and alveoli. Lung parenchymal destruc- 
tion and remodelling causes various types of emphysema, and in advanced cases 
impaired gas exchange results in hypoxic respiratory failure. (4) Pulmonary vascu- 
lar disease and cor pulmonale involve destruction of the pulmonary capillary bed 
and inflammation of pulmonary arterial vessels causing pulmonary arterial hyper- 



Recent Advances in the Pathophysiology of COPD, edited by T. T. Hansel and P. J. Barnes 
© 2004 Birkhauser Verlag Basel/Switzerland 



189 




Trevor T. Hansel et al. 



tension and right-sided heart failure. (5) Systemic disease is extra-pulmonary inflam- 
matory disease in advanced COPD, causing cachexia and loss of fat-free mass 
(FFM), with respiratory and peripheral muscle weakness. 

COPD involves a chronic inflammation in small airways and lung parenchyma, 
with the involvement of macrophages, neutrophils, and CD8 + T lymphocytes 
(Fig. 3). Following chronic exposure to oxidants in cigarette smoke and other 
inhaled noxious agents, patients with COPD have an amplified inflammatory 
response in the airways and lung parenchyma [5]. Epithelial cell injury and 
macrophage activation causes release of chemotactic factors that recruit neutrophils 
from the circulation. Macrophages and neutrophils then release proteases, with 
involvement of matrix metalloproteases (MMPs) and neutrophil elastase (NE) that 
break down connective tissue. Cytotoxic CD8 + T cells may also be involved in this 
inflammatory cascade. Over many years of injury, cycles of inflammation and repair 
occur that may result in resolution, but that can be associated with proteolysis, 
fibrosis, and both airway and parenchymal remodelling. The inflammation of 
COPD is quite different from that seen in asthma, indicating that different treat- 
ments are likely to be needed [6, 7]. The nature of the inflammatory infiltrate is 
broadly similar in large and small airways as well as within the alveoli and pul- 
monary artery wall. 



The pathology of COPD 

The pathology of COPD has been the subject of a number of recent reviews [4, 
7-13] as well as being covered in textbooks of lung pathology [14], In advanced 
COPD chronic bronchitis, obstructive bronchiolitis, emphysema, pulmonary vascu- 
lar disease and systemic disease may all occur in the same patient (Figs. 1 and 2). 



Chronic bronchitis 

At post mortem the bronchi of a patient with chronic bronchitis contain an abun- 
dance of mucus, that overlies a dusky red mucous membrane [14]. Chronic bron- 



Figure 1 

Pathophysiology of COPD. Oxidants in cigarette smoke are the major cause of COPD , but a 
variety of other factors contribute. An amplified inflammatory response is a feature of COPD , 
and is associated with cycles of resolution , mucus production , fibrosis and proteolysis. The 
pathology of COPD involves five sites: the large central airways (chronic bronchitis), the small 
peripheral airways (obstructive bronchiolitis), the lung parenchyma (emphysema), the car- 
diovascular system (cor pulmonale,) and respiratory and peripheral muscles (systemic disease). 
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chitis affects mainly the intermediate sized bronchi with an internal diameter of 
2-4 mm. Increased mucus is present on the surface of the lumen and occurs with 
goblet cell hyperplasia and enlarged submucosal glands. Enlargement of the sub- 
mucosal bronchial glands is a major histological feature of chronic bronchitis [15, 
16]. The Reid index describes the relative thickness of the submucosal mucus glands 
layer relative to that of the airway wall from base of epithelium to the inner carti- 
lage surface. The normal index is 0.3, the submucosal glands occupying about a 
third of the airway wall thickness. Inflammation occurs in the mucosa as well as in 
the smooth muscle and submucosal glands. 

Mucus hypersecretion may arise through activation of sensory nerve endings in 
the airways with reflex (local peptidergic and spinal cholinergic) increase in mucus 
secretion and direct stimulatory effects of enzymes such as neutrophil elastase and 
chymase. Recent studies suggest that epidermal growth factor (EGF) is a key medi- 
ator of mucus hyperplasia and mucus hypersecretion and may be the final common 
pathway that mediates the effects of many stimuli, including cigarette smoke, on 
mucus secretion [17]. With time there is hyperplasia of submucosal glands and pro- 
liferation of goblet cells under the influence of growth factors such as EGF. Chron- 
ic stimulation leads to up-regulation of mucin (MUC) genes. There are at least eight 
MUC genes now recognised in humans [18], but it is not yet certain which genes are 
over-expressed in chronic bronchitis. It was once thought that mucus hypersecretion 
played no role in airflow obstruction, but epidemiological data show that mucus 
hypersecretion is a risk factor for airflow obstruction and it is likely that viscous 
mucus may contribute to reduced airflow [19]. However, a 15-year study has found 
that GOLD Stage O with chronic bronchitis, does not identify subsequent airways 
obstruction [20]. 



Obstructive bronchiolitis 

Obstructive bronchiolitis involves the small or peripheral airways, and is an inflam- 
matory condition of the small airways. In obstructive bronchiolitis there is a col- 
lapsed lumen with increased mucus, unlike in asthma where the lumen is main- 
tained. Within the epithelium Clara cells are replaced by goblet cells [21], and 
mucus appears in peripheral airways by the process of goblet cell metaplasia 
[22-23]. The replacement of the normal surfactant lining by mucus leads to an 
abnormally high surface tension and small airway instability, and predisposes to 
early airway closure during expiration [24]. Bronchial biopsies have demonstrated 
an infiltration with mononuclear cells; macrophages and cytotoxic (CD8 + ) T lym- 
phocytes, rather than neutrophils, [3, 10, 25, 26]. In studies that examined the peri- 
bronchiolar inflammation of smokers whose lungs had been resected for localized 
tumor, those with chronic bronchitis and COPD had increased numbers of CD8 + 
cells [27, 28]. These inflammatory changes to small airways appear to be related to 
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Figure 2 

Pathological features of COPD. Chronic bronchitis involves goblet cell hyperplasia of the 
epithelium and submucosal bronchial gland hypertrophy ; manifested clinically as mucus 
hypersecretion. Obstructive bronchiolitis is an inflammatory and fibrotic disease of the small 
airways that causes airway obstruction. Centilobular emphysema is characteristic of cigarette 
smoking and causes destruction and remodeling of the respiratory bronchioles and more 
central alveoli. Emphysema involves the destruction of the lung parenchyma and capillary 
bed and becomes manifest as respiratory failure due to failure of blood oxygenation. 
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clinical airflow obstruction in COPD, and this association with loss in FEV^ appears 
to be stronger than that seen in the bronchi [26, 29-32]. Histologically, one of the 
most consistently observed early effects of cigarette smoke in patients with COPD 
is a marked increase in the number of macrophages in the bronchioli, and an asso- 
ciated respiratory bronchiolitis and alveolitis [33]. Increased numbers of 
macrophages can also be detected in bronchoalveolar lavage (BAL) [23, 34, 35]. 

There are increased numbers of fibroblasts and myofibroblasts, and increased 
extracellular matrix. The injury and repair process results in a structural remodel- 
ing of the airway wall, with increased collagen content and scar formation, that nar- 
rows the lumen and produces fixed airways obstruction [36]. The resultant stenot- 
ic narrowing of bronchioles has been convincingly demonstrated [37], and has been 
documented in terms of peripheral airways resistance [38]. Fibrosis in the small air- 
ways is characterised by the accumulation of mesenchymal cells (fibroblast and 
myofibroblasts) and extracellular connective tissue matrix. 

Further structural changes in obstructive bronchiolitis include smooth muscle 
hypertrophy, mural edema, and an increased number of airways that are < 400 pm 



Figure 3 

Targets for future COPD therapy. The various targets for novel drugs to treat COPD are ratio- 
nally based on understanding of the oxidant, inflammatory, fibrotic, proteolytic and regen- 
erative processes that occur in the airways and lung parenchyma. Pathogenic pathways are 
shown in grey boxes, while potential therapy are in white boxes. Oxidants within cigarette 
smoke, as well as other irritants, activate epithelial cells and macrophages in the respiratory 
tract which release neutrophil chemotactic factors, including interleukin-8 (IL-8) and 
leukotriene B 4 (LTB^). The IL-8 family causes chemotaxis of neutrophils via the cystein-X- 
cysteine receptor 2 (CXCR2), while monocyte chemotactic peptide-1 (MCP-1) binds to cys- 
teine-cysteine receptor 2 (CCR2). Cytotoxic CD8 + T cells may also be involved in the inflam- 
matory cascade. Neutrophils and tissue macrophages are a potent source of oxidants (0 2 ~) 
and proteases, the latter being normally inhibited by a panel of endogenous protease 
inhibitors. Proteases include neutrophil elastase (NE), cathepsins and various matrix metal- 
loproteinases (MMPs). Protease inhibitors include a r antitrypsin (a r AT), secretory leuko- 
protease inhibitor (SLPI) and tissue inhibitor of matrix metal loproteinases (TIMP). Fibro- 
blasts are a prominent feature in the pathology of bronchiolitis and emphysema, and regen- 
erative healing processes, as well as tissue remodeling, occur in COPD. Vascular endothelial 
cells, pneumocytes and mast cells may also contribute to the pathogenesis of COPD. 

CACC, calcium activated chloride channel; ECF, epidermal growth factor; FGF, fibroblast 
growth factors; CF, hepatocyte growth factor; iNOS, inducible nitric oxide synthase; I CAM- 
1, intercellular adhesion molecule-1; IL-10, interleukin-10; MAPKs, mitogen -activated pro- 
tein kinases; NF-kB, nuclear factor kappa B; PPAR-y, peroxisome prol iterator-activated recep- 
tor- y; PDE4, phosphodiesterase type 4; PI-3Ky, phosphoinositide-3 kinase y; PAR, protease 
activated receptor; TGF-fi, transforming growth factor- (3; TNF-a, tumour necrosis factor-a. 
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in diameter [23, 34, 39, 40]. Smooth muscle hypertrophy is most striking in small 
bronchi and bronchioli [27, 41]. In the small airways the inflammation moves into 
the interstitium to destroy the alveolar attachments that provide parenchymal sup- 
port to the bronchiole. A loss of alveolar attachments to the bronchiole perimeter 
contributes to the loss of elastic recoil and favours increased tortuosity and early 
closure of bronchioles during expiration in patients with COPD [42-45]. 

There is debate about whether the airflow obstruction in COPD is primarily due 
to obstruction of the lumen of small airways as a result of bronchiolitis and fibro- 
sis [46], or whether it is due to loss of elasticity and closure of small airways as a 
result of parenchymal destruction and loss of alveolar attachments. Loss of lung 
elasticity may occur in COPD even in the absence of emphysema and it is likely that 
this may be an important contributor to airway obstruction in all patients with 
COPD. The extent to which peripheral airway obstruction as a result of fibrosis and 
lumenal obstruction with mucus contributes to airflow limitation is likely to vary 
from patient to patient, but it is likely that both mechanisms contribute to a vari- 
able extent in most patients as cigarette smoking causes both abnormalities. 



Emphysema 

Emphysema is defined by permanent, destructive enlargement of the airspaces dis- 
tal to the terminal bronchioli, affecting the respiratory bronchioles and sometimes 
the alveoli (Fig. 2). The enlargement is best not called a dilatation, since this implies 
a reversible bronchodilation as occurs in asthma. The mechanism of this process is 
poorly understood, but it is thought to be an inflammatory condition of the lung 
parenchyma mediated by T lymphocytes, neutrophils, and alveolar macrophages. 
Inflammation is associated with the release of excessive amounts of proteolytic 
enzymes such as neutrophil elastase (NE) and matrix metalloproteases (MMPs). 
Inflammation and proteolysis is accompanied by destruction of lung parenchyma, 
fibrosis and remodelling. 

Centrilobular emphysema is the most common cause of cigarette smoking- 
induced emphysema in COPD. It involves the dilatation and destruction of the res- 
piratory bronchioles [47, 48]. Centrilobular emphysema occurs more frequently in 
the upper lung fields in mild disease. In more advanced disease, lesions are more dif- 
fuse and also involve destruction of the capillary bed. In post mortem necropsy 
material, holes are visible in lung sections in patients with severe emphysema. The 
early changes of emphysema may include subtle disruption to elastic fibers with an 
accompanying loss of elastic recoil, bronchiolar and alveolar distortion. It has been 
postulated that fenestrae (pores of Kohn) may enlarge to develop microscopic 
emphysema [49, 50]. Lymphocytes have been demonstrated to form a significant 
component of the alveolar wall inflammatory infiltrate in COPD [51, 52]. The 
greater the number of T lymphocytes, the less alveolar tissue is present [53]. Neu- 
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trophil elastase is a powerful proteolytic enzyme, and neutrophils have also been 
implicated in lung damage. 

The destructive process is accompanied by a net increase in the mass of collagen 
with alveolar wall fibrosis even in emphysematous lungs [54]. Emphysema is due to 
enzymatic destruction of the alveolar walls and destruction of alveolar attachments 
to the bronchioles. This results in the loss of driving pressure and airway narrowing 
with a consequent reduction in FEV^ The fundamental defect is ventilation/perfu- 
sion (Va/Q) imbalance that becomes reflected in abnormalities in gas transfer, that 
eventually manifests as respiratory failure. 



Pulmonary vascular disease 

Pulmonary vascular changes in COPD begin early in the course of COPD as mtimal 
thickening, followed by smooth muscle hypertrophy and inflammatory infiltration. 
This may be followed by pulmonary hypertension and destruction of the capillary 
bed. Endothelial dysfunction of the pulmonary arteries may be caused directly by 
cigarette smoke products [55] or indirectly by inflammatory mediators [56]. 
Endothelial dysfunction may then initiate the sequence of events that results in 
structural changes [57-59] possibly mediated through endothelial derived relaxing 
factors. 

Early in the natural history of COPD, thickening of the intima begins in the 
walls of the muscular pulmonary arteries. This intimal hyperplasia is believed to 
occur when lung function is reasonably well maintained, and when pulmonary vas- 
cular pressures are normal at rest [60]. An increase in vascular smooth muscle 
occurs, although only a moderate degree of muscular hypertrophy has been report- 
ed [40], with extension of vascular smooth muscle to vessels that normally lack 
muscle. Infiltration of the vessel wall by inflammatory cells including macrophages 
and CD8 + T cells occurs [53, 56]. Increasing amounts of smooth muscle, proteo- 
glycans and collagen further thicken the vessel wall, and fibrosis may obliterate 
some vessels. 

Hypoxic pulmonary vasoconstriction may contribute to pulmonary hyperten- 
sion, while advanced COPD is associated with emphysematous destruction of the 
pulmonary capillary bed [58]. The mechanisms of vascular remodelling are not yet 
understood and it is likely that several growth factors, including vascular endothe- 
lial growth factor and fibroblast growth factor may be involved. Endothelin-1 (ET- 
1) is strongly expressed in pulmonary vascular endothelium of patients with pul- 
monary hypertension secondary to chronic hypoxia [61] and urinary ET-1 excretion 
is increased in patients with COPD [62] and sputum ET-1 levels are increased in 
exacerbations [63]. ET-1, acting mainly via ET A receptors, induces fibrosis and 
hyperplasia of pulmonary vascular smooth muscle, implying a role in the pulmonary 
hypertension secondary to COPD. 
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Although pulmonary hypertension and cor pulmonale are common sequelae of 
COPD, the precise mechanisms of increased vascular resistance are unclear [58, 64]. 
Structural changes in the pulmonary arteries are correlated with an increase in pul- 
monary vascular pressure (pulmonary hypertension) that develops first with exer- 
cise and then at rest. Chronic hypoxia results in widespread pulmonary vasocon- 
striction, excerbating pulmonary hypertension and causing right heart failure (cor 
pulmonale). 



Systemic extrapulmonary effects 

Systemic features of COPD include disturbances in metabolism with cachexia, as 
well as increased respiratory and skeletal muscle fatigue with wasting [65]. Particu- 
larly patients with predominant emphysema may develop profound weight loss, and 
this is a predictor of increased mortality that is independent of poor lung function 
[66]. Weight loss in COPD has been associated with increased levels of TNF-a and 
soluble TNF-a receptors [67-70]. The skeletal muscle weakness may exacerbate 
dyspnoea, and skeletal and respiratory muscle training is an important aspect of pul- 
monary rehabilitation. Improved nutrition and a short course of anabolic steroids 
have been shown to improve lung function in patients with COPD [71]. 



Anti-inflammatory strategies 

There are multiple cells and mediators involved in the immunopathology of COPD 
(Figs. 3 and 4), and specialised anti-inflammatory strategies are required to deal 
with this particular type of inflammation. 



Phosphodiesterase-4 inhibitors 

PDE4 is the predominant PDE expressed in neutrophils, CD8 + cells and 
macrophages [72] (Fig. 5), suggesting that PDE4 inhibitors would be effective in 
controlling inflammation in COPD [73, 74]. Selective PDE4 inhibitors, such as 
cilomilast and roflumilast, are active in animal models of neutrophil inflammation 
[75, 76], Cilomilast had promising beneficial clinical effects in a six-week study in 
patients with moderate to severe COPD [77], and larger studies are currently under- 
way. Roflumilast appears to be well tolerated at doses that significantly inhibit 
TNF-a release from peripheral blood monocytes [78]. PDE4 inhibitors have been 
limited by side-effects, particularly nausea and other gastrointestinal effects, but it 
might be possible to develop more selective inhibitors in the future which are less 
likely to be dose-limited by adverse effects [79]. 
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Several steps may be possible to overcome the limitation of the adverse event of 
nausea and vomiting. It now seems likely that vomiting is due to inhibition of a par- 
ticular subtype of PDE4. At least four human PDE4 genes have been identified and 
each has several splice variants [80]. This raises the possibility that subtype-selective 
inhibitors may be developed that may preserve the anti-inflammatory effect, while 
having less propensity to side-effects. PDE4D appears to be of particular importance 
in nausea and vomiting and is expressed in the chemosensitive trigger zone in the 
brain stem [81] and in mice deletion of the gene for PDE4D prevents a behavioural 
equivalent of emesis [82]. This isoenzyme appears to be less important in anti- 
inflammatory effects and targeted gene disruption studies in mice indicate that 
PDE4B is more important than PDE4D in inflammatory cells [83]. PDE4B selective 
inhibitors may therefore have a greater therapeutic ratio and theoretically might be 
effective anti-inflammatory drugs. Cilomilast is the PDE4 inhibitor that has been 
most fully tested in clinical studies, particularly in COPD, but this drug is selective 
for PDE4D and therefore has a propensity to cause emesis. Roflumilast, which is a 
non-selective for PDE4 isoenzymes, looks more promising, as it has a more 
favourable therapeutic ratio [84]. Several other potent PDE4 inhibitors with a more 
favourable therapeutic ratio are now in clinical development for COPD. 



Anti-oxidants 

There is considerable evidence that oxidative stress is increased in patients with 
COPD and that reactive oxygen species (ROS) contribute to the pathophysiology of 
COPD, particularly during exacerbations [85-90]. Each puff of cigarette smoke 
contains of the order of 10 17 ROS molecules, and ROS are also produced endoge- 
nously by activated inflammatory cells, including neutrophils and macrophages. A 
range of ROS cause a spectrum of effects in COPD. Increased levels of hydrogen 
peroxide (H 2 0 2 ) are present in expired condensates from patients with COPD, par- 
ticularly during exacerbations [91]. There is an increase in concentrations of ethane 
in exhaled air, this being a product of lipid peroxidation [90]. Oxidative stress leads 
to the formation of isoprostanes by direct oxidation of arachidonic acid, and 8-iso- 
prostane is found in exhaled breath condensate of COPD patients at elevated levels 
that are related to disease severity [89, 92]. Isoprostanes have several effects on air- 
way function, including bronchoconstriction, increased plasma leakage and mucus 
hypersecretion. Superoxide anions (0 2 ) rapidly combine with nitric oxide (NO) to 
form the potent radical peroxynitrite (ONOO~), which itself generates OH'. Peroxy- 
nitrite reacts with tyrosine residues within certain proteins to form 3-nitrotyrosines 
which may be detected immunologically, with increased reactivity in sputum 
macrophages from patients with COPD [87]. 

There is evidence for a reduction in antioxidant defenses in patients with COPD, 
which may further enhance oxidative stress [85, 88]. ROS are normally counteract- 
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ed by endogenous (glutathione, uric acid, bilirubin) and exogenous (dietary vitamin 
C and E) antioxidants. Oxidants may contribute to the pathophysiology of COPD 
by induction of serum protease inhibitors, potentiation of elastase activity, direct 
activation of MMPs, and inactivation of anti-proteases such as a! -antitrypsin (a r 
AT) and secretory leukoprotease inhibitor (SLPI). Oxidants thus both directly 
increasing proteolytic activity and decrease the antiprotease shield. Oxidants are 
potent mucus secretagogues, and activate the transcription factor nuclear factor-KB 
(NF-kB) which orchestrates the transcription of many inflammatory genes, includ- 
ing IL-8, TNF-a, inducible NO synthase (iNOS)and inducible cyclo-oxygenase 
(COX-2). Hydrogen peroxide directly constricts airway smooth muscle in vitro , 
while hydroxyl radicals (OH ) potently induce plasma exudation in airways. 

This large body of evidence suggests that antioxidants may be of use in the ther- 
apy of COPD. N-acetyl cysteine (NAC) provides cysteine for enhanced production 
of the antioxidant glutathione (GSH) and has antioxidant effects in vitro and in 
vivo . Recent systematic reviews of studies with oral NAC in COPD suggest a small 
but significant reductions in exacerbations [93, 94]. More effective antioxidants, 
including stable glutathione compounds, analogues of superoxide dismutase and 
selenium-based drugs, are now in development for clinical use [86, 95]. 

Resveratrol is a phenolic component of red wine that has anti-inflammatory and 
antioxidant properties. It has a marked inhibitory effect on cytokine release from 
alveolar macrophages from COPD patients that show little or no response to corti- 



Figure 4 

Therapy directed against adhesion molecules , chemokines and cytokines. This figure repre- 
sents the passage of neutrophils and monocytes from blood to lung tissue, with potential 
therapeutics shown in white boxes. Endothelial cell adhesion molecules are induced in 
response to inflammatory stimuli, and include P- and E-selectin, intercellular adhesion mol- 
ecule-1 and -2 (1C AM-1 and -2). Neutrophils and monocytes express a variety of adhesion 
molecules including L-seledin, sialomucins and ctMf$2 (CDIIb, Mac-1), which bind to 
endothelial cells through adhesion molecule interactions. Interleukin-8 (IL-8) is a member of 
the CXC family of chemokines, and binds to CXCR1 as well as CXCR2 on neutrophils. 
Monocyte chemotactic peptide- 1 (MCP-1) is a CC chemokine that binds to CCR2 on mono- 
cytes. Tumour necrosis factor- a (TNF-a) is a pro- inflammatory cytokine whose production is 
influenced by phosphodiesterase type 4 (PDE4) activity, and whose release from cells is gov- 
erned by TNF-a converting enzyme (FACE). TNF-a is present as a homotrimer that binds to 
membrane-bound TNF receptors (TNFR) on a variety of different cells. Interleukin-10 (IL-10) 
is an endogenous anti-inflammatory cytokine that decreases the expression of chemokines 
such as interleukin-8 (IL-8) and monocyte chemotactic protein (MCP). In addition, subcuta- 
neous IL-10 decreases levels of TNF-a and matrix metalloproteinases (MMPs), while 
increasing levels of tissue inhibitors of MMPs (TIMPs). 
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costeroids [96]. The molecular mechanism of this action is currently unknown, but 
identification of the cellular target for resveratrol may lead to the development of a 
novel class of anti-inflammatory compounds. Resveratrol itself has a very low oral 
bioavailability so related drugs will need to be developed. 

Oxidative stress and increased nitric oxide release from activity of inducible 
nitric oxide synthase (iNOS) may result in the formation of peroxynitrite; this is a 
potent radical that nitrates proteins and alters their function. 3-Nitrotyrosine may 
indicate peroxynitrite formation and is markedly increased in sputum macrophages 
of patients with COPD [87]. Selective inhibitors of iNOS are now in development 
[97] and one of these L-N 6 -(l-imminoethyl)lysine (L-NIL) gives a profound and 
long-lasting reduction in the concentrations of nitric oxide in exhaled breath [98]. 



Leukotriene inhibitors 

Leukotriene B 4 (LTB 4 ) is a potent chemoattractant of neutrophils and is increased in 
the sputum and exhaled breath of patients with COPD [99]. It is probably derived 
from alveolar macrophages as well as neutrophils and may be synergistic with IL-8. 
Alveolar macrophages from patients with c^-antitrypsin deficiency secrete greater 
amounts of LTB 4 [100]. Two subtypes of receptor for LTB 4 have been described; 
BIT^ receptors are mainly expressed on granulocytes and monocytes, whereas BLT 2 
receptors are expressed on T lymphocytes [101]. BLI^ antagonists, such as 
LY29311, have now been developed for the treatment of neutrophilic inflammation 
[102]. LY293111 and another antagonist SB225002 inhibit the neutrophil chemo- 
tactic activity of sputum from COPD patients, indicating the potential clinical value 
of such drugs [103, 104]. Several selective BIT^ antagonists are now in develop- 
ment. LTB 4 is synthesised by 5’-lipoxygenase (5-LO), of which there are several 



Figure 5 

Inhibitors of cell signaling. Phosphodieterase type 4 (PDE4) catalyzes the inactivation of 
cyclic adenosine monophosphate (cAMP) to AMP, cAMP being an active second messenger 
within the cell. Multiple pathways mediate kinase transcription factor (TF) activity in rela- 
tion to inflammatory gene expression , including a system acting on nuclear factor kB (NF- 
kB). Inhibitor of NF-kB (I-kB) kinases (IKK-2) and p38 mitogen -activated protein kinases 
(MAPKs) are involved. Inflammatory gene activation causes synthesis of cytokines , 
chemokines, adhesion molecules and proteases (for abbreviations see footnote to Fig. 3). 
Peroxisome prol iterator-activated receptors (PPARs) are a family of hormone receptors that 
belong to the steroid superfamily, and PPAR-y has anti-inflammatory activity. Phosphoinosi- 
tide-3 (PI-3) kinase causes activation of cells through generation of phosphoinositide second 
messengers. 
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inhibitors, although there have been problems in clinical development of drugs in 
this class because of side-effects. A recent pilot study in COPD patients with a 5’- 
lipoxygenase inhibitor BAYxl005 showed only a modest reduction in sputum LTB 4 
concentrations but no effect on neutrophil activation markers [105]. 



Adhesion molecule blockers 

Recruitment of neutrophils, monocytes and cytotoxic T cells into the lungs and res- 
piratory tract is dependent on adhesion molecules expressed by these cells and on 
endothelial cells in the pulmonary and bronchial circulations (Fig. 4). Several adhe- 
sion molecules can now be inhibited pharmacologically. For example, E-selectin on 
endothelial cells interacts with sialyl-Lewis x on neutrophils. A mimic of sialyl-Lewis x , 
TBC1269, blocks selectins and inhibits granulocyte adhesion, with preferential effects 
on neutrophils [106]. However, there are concerns about this therapeutic approach 
for a chronic disease, as an impaired neutrophilic response may increase the suscepti- 
bility to infection. The expression of Mac-1 (CDllb/CD18) is increased on neu- 
trophils of patients with COPD, suggesting that targeting this adhesion molecule, 
which is also expressed on monocytes and macrophages, might be beneficial [107]. 



Chemokine inhibitors 

Several chemokines are involved in neutrophil chemotaxis, these being mainly 
chemokines of the CXC family, and interleukin (IL)-8 receptor antagonists are of 
potential therapeutic benefit in COPD [108] (Fig. 4). IL-8 levels are markedly ele- 
vated in the sputum of patients with COPD and are correlated with disease severi- 
ty [109, 110], and is also found in increased amounts in BAL fluid [111]. Blocking 
antibodies to IL-8 and related chemokines inhibit certain types of neutrophilic 
inflammation in experimental animals [112], and reduce the chemotactic response 
of neutrophils to sputum from COPD patients [99, 104, 113]. A human monoclon- 
al antibody to IL-8 blocks the chemotactic response of neutrophils to IL-8 and is 
effective in animal models of neutrophilic inflammation [112]. This antibody is now 
in clinical trials for COPD, but it may be less effective than drugs that block the 
common receptor for other members of the CXC chemokine family. IL-8 signals 
through 2 receptors: a low affinity CXCR1 specific for IL-8 that is involved in neu- 
trophil activation, and a high affinity CXCR2 that is activated by a range of CXC 
chemokines including IL-8, growth related oncogene (GRO-a,-|3, -y), and epithelial- 
derived neutrophil activating peptide, ENA-78 [114]. Other CXC chemokines, such 
as growth related oncoprotein-a (GRO-a), are also elevated in COPD [115] and 
therefore a CXCR2 antagonist is likely to be more useful than a CXCR1 antagonist, 
particularly as CXCR2 are also expressed on monocytes. Indeed, inhibition of 
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monocyte chemotaxis may prevent the marked increase in macrophages found in 
the lungs of patients with COPD that may drive the inflammatory process. Small 
molecule inhibitors of CXCR2, such as SB225002, have now been developed and 
are entering clinical trials [116, 117]. 

The CC chemokine macrophage chemotactic peptide- 1, MCP-1, is increased in 
BAL of COPD patients [118] and in macrophages and epithelial cells [119]. MCP- 
1 is a potent chemoattractant for monocytes, and acts via CCR2. GRO-a (growth 
related oncogene-a) is elevated in COPD [115] and is chemotactic for monocytes as 
well as neutrophils and may therefore contribute to the increased numbers of 
macrophages that are derived from blood monocytes in COPD. 

Chemokine receptors are also important for the recruitment of CD8 + T cells 
which predominate in COPD airways and lungs and might contribute to the devel- 
opment of emphysema. CD8 + cells show increased expression of CXCR3 and there 
is up-regulation of CXCR3 ligands, such as CXCL10 (IP-10), in peripheral airways 
of COPD patients [120]. This suggests that CXCR3 antagonists might be useful. 



Tumour necrosis factor-a (TNF-a) inhibitors 

TNF-a levels are raised in the sputum of COPD patients [109], especially during exac- 
erbations [121]. It is thought that TNF-a augments inflammation and induces IL-8 
and other chemokines in airway cells and skeletal muscle via activation of the tran- 
scription factor NF-kB [122] (Fig. 4). The severe wasting in some patients with 
advanced COPD might be due skeletal muscle apoptosis, resulting from increased cir- 
culating TNF-a. COPD patients with cachexia have increased release of TNF-a from 
circulating leukocytes [67], and soluble TNF receptors are increased in sputum [123]. 
Humanised monoclonal TNF antibody (infliximab) and soluble TNF receptors (etan- 
ercept) that are effective in other chronic inflammatory diseases, such as rheumatoid 
arthritis and inflammatory bowel disease, should also be effective in COPD, particu- 
larly in patients who have systemic symptoms [124, 125]. Trials of anti-TNF thera- 
pies in patients with systemic features of COPD are currently underway. TNF-a con- 
verting enzyme (TACE), which is required for the release of soluble TNF-a, may be a 
more attractive target as it is possible to discover small molecule TACE inhibitors, 
some of which are also matrix metalloproteinase inhibitors [126, 127]. General anti- 
inflammatory drugs such as phosphodiesterase inhibitors and p38 mitogen-activated 
protein (MAP) kinase inhibitors [128] also potently inhibit TNF-a expression. 



Interleukin-10 

IL-10 is a cytokine with a wide spectrum of anti-inflammatory actions (Fig. 4). It 
inhibits the secretion of TNF-a and IL-8 from macrophages, and tips the balance in 
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favour of antiproteases by decreasing the expression of matrix metalloproteinases, 
while increasing the expression of endogenous tissue inhibitors of matrix metallo- 
proteinases (TIMP). IL-10 concentrations are reduced in induced sputum from 
patients with COPD, so that this may be a mechanism for increasing lung inflam- 
mation [129]. IL-10 is currently in clinical trials for other chronic inflammatory dis- 
eases (inflammatory bowel disease, rheumatoid arthritis and psoriasis), including 
patients with steroid resistance, but IL-10 may cause haematological side effects 
[130]. Treatment with daily injections of IL-10 over several weeks has been well tol- 
erated. IL-10 may have therapeutic potential in COPD, especially if a selective acti- 
vator of IL-10 receptors or unique signal transduction pathways can be developed 
in the future. 



NF-kB inhibitors 

NF-kB regulates the expression of IL-8 and other chemokines, TNF-a and other 
inflammatory cytokines, and some matrix metalloproteinases (Fig. 5). NF-kB is acti- 
vated in macrophages and epithelial cells of COPD patients, particularly during 
exacerbations [131, 132]. There are several possible approaches to inhibition of NF- 
kB, including gene transfer of the inhibitor of NF-kB (IkB), a search for inhibitors 
of IkB kinases (IKK), NF-KB-inducing kinase (NIK) and IkB ubiquitin ligase, which 
regulate the activity of NF-kB, and the development of drugs that inhibit the degra- 
dation of IkB [133]. The most promising approach may be the inhibition of IKK-2 
by small molecule inhibitors, several of which are now in development [134]. A 
small molecule IKK-2 inhibitor suppresses the release of inflammatory cytokines 
and chemokines from alveolar macrophages and might be effective in COPD when 
alveolar macrophages apprear to be reistant to the anti-inflammatory actions of cor- 
ticosteroids [135]. One concern about long-term inhibition of NF-kB is that effec- 
tive inhibitors may result in immune suppression and impair host defences, since 
mice which lack NF-kB genes succumb to septicaemia. However, there are alterna- 
tive pathways of NF-kB activation that might be more important in inflammatory 
disease [136]. 



p38 MAP kinase inhibitors 

Mitogen-activated protein (MAP) kinases play a key role in chronic inflammation 
and several complex enzyme cascades have now been defined [137] (Fig. 5). One of 
these, the p38 MAP kinase pathway, is activated by cellular stress and regulates the 
expression of inflammatory cytokines, including IL-8, TNF-a and MMPs [138, 
139]. Non-peptide inhibitors of p38 MAP kinase, such as SB 203580, SB 239063 
and RWJ 67657, have now been developed and these drugs have a broad range of 
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anti-inflammatory effects [128]. SB 239063 reduces neutrophil infiltration after 
inhaled endotoxin and the concentrations of IL-6 and MMP-9 in bronchoalveolar 
lavage fluid of rats, indicating its potential as an anti-inflammatory agent in COPD 
[140]. It is likely that such a broad spectrum anti-inflammatory drug will have some 
toxicity, but inhalation may be a feasible therapeutic approach. 



Phosphoinositide 3-kinase inhibitors 

PI-3Ks are a family of enzymes that lead to the generation of lipid second messen- 
gers that regulate a number of cellular events. A particular isoform, PI-3Ky, is 
involved in neutrophil recruitment and activation. Knock-out of the PI-3Ky gene 
results in inhibition of neutrophil migration and activation, as well as impaired T 
lymphocyte and macrophage function [141]. This suggests that selective PI-3Ky 
inhibitors may have relevant anti-inflammatory activity in COPD and small mole- 
cule inhibitors of PI-3Ky and PI-3K6 are in development [142]. 



PPAR activators 

Peroxisome proliferator-activated receptors (PPARs) are a family of ligand-activat- 
ed nuclear hormone receptors belonging to the steroid receptor superfamily, and the 
three recognised subtypes PPAR-a, -y and -6 are widely expressed. There is evidence 
that activation of PPAR-a and PPAR-6 may have anti-inflammatory and 
immunomodulatory effects. For example PPAR-y agonists, such as troglitazone, 
inhibit the release of inflammatory cytokines from monocytes and induce apoptosis 
of T lymphocytes [143, 144], suggesting that they may have anti-inflammatory 
effects in COPD. 



Strategies acting on structural cells 

Mucoregulation 

Mucus hypersecretion is commonly seen in cigarette smokers, but is not a stable fea- 
ture of COPD. In individuals with COPD mucus hypersecretion is associated with 
more rapid decline in ¥EV 1 [19]. However, mucus hypersecretion following heavy 
cigarette smoking does not cause increased risk of airflow obstruction [20]. How- 
ever, mucus hypersecretion may accelerate the decline in lung function in patients 
with COPD, however, by increasing the frequency of exacerbations. This suggests 
that reducing mucus hypersecretion may have therapeutic benefit, although sup- 
pression of the normal airway mucus secretion may be detrimental. There are sev- 
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eral approaches to inhibiting mucus hypersecretion that are currently being 
explored [145] (Fig. 6). Mucus hypersecretion appears to be driven in COPD by the 
neutrophil inflammatory response, so that effective anti-inflammatory treatments 
would be expected to reduce mucus secretions [145, 146]. 

Epidermal growth factor (EGF) plays a critical role in airway mucus secretion 
from goblet cells and submucosal glands and appears to mediate the mucus secre- 
tory response to several secretagogues, including oxidative stress, cigarette smoke 
and inflammatory cytokies [17, 147]. Small molecule inhibitors of EGF receptor 
kinase, such as gefitinib, have now been developed for clinical use. There has been 
some concern about interstitial lung disease in some patients with small cell lung 
cancer treated with gefitinib, but it is not yet certain if this is related to EGF inhibi- 
tion [148]. 

Another novel approach involves inhibition of calcium-activated chloride chan- 
nels (CACC), which are important in mucus secretion from goblet cells. Activation 
of human hCLCAl induces mucus secretion and mucus gene expression and may 
therefore be a target for inhibition. Small molecule inhibitors of CACC, such as nif- 
lumic acid and MSI 1956, have been developed [149]. 



Fibrosis 

Transforming growth factor^ (TGF-Pj) is highly expressed in airway epithelium 
and macrophages of small airways in patients with COPD [150, 151]. It is a 
potent inducer of fibrosis, partly via the release of the potent fibrogenic mediator 
connective tissue growth factor, and may be important in inducing the fibrosis and 
narrowing of peripheral airways (obstructive bronchiolitis) in COPD. MMP-9 
may play a role in the activation of transforming growth factor-p 1 (TGF-p^ [152, 
153], as well as with release of chemotactic peptides and activation of a! -anti- 
trypsin; thus being involved closely with both proteolysis and fibrosis. TGF-pj also 
activates MMP-9, and this MMP-9 then further activates TGF-p l9 thus providing 
a link between small airway fibrosis and emphysema in COPD. MMP-9 may 
mediate proteolysis of TGF-p-binding protein (LTBP1), and this may be a mecha- 
nism for physiological release of TGF-p a [152]. TGF^ also down-regulates p 2 - 
adrenoceptors and thus may impair responses to p 2 -agonists in peripheral airways 
[154]. Inhibition of TGF-Pj signalling may therefore be a useful therapeutic strat- 
egy in COPD. Small molecule antagonists which inhibit TGF-Pi receptor kinase 
are now in development [155], although the long-term safety of such drugs might 
be a problem, particularly as TGF-Pj affects tissue repair and is a potent anti- 
inflammatory mediator. 

Proteinase-activated receptor-2 (PAR-2) expression is widespread in the airways, 
and expression is similar in the central airways of smokers and non-smokers [156]. 
PAR-2 is a transmembrane receptor preferentially activated by trypsin and tryptase, 
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Inhibition of mucus hypersecretion. Abbreviations: CACC , calcium -activated chloride chan- 
nel; EGFR r epidermal growth factor receptor; IL-8, interleukin-8; LTB 4 , leukotriene B 4 ; 
MAPK, mitogen- activated protein kinase; MARCKS, myristoylated alanine-rich C kinase 
substrate; NK1, neurokinin 1; PDE4, phosphodiesterase 4. 



and PARs play an important role in matrix remodelling, cell migration and prolif- 
eration and inflammation. PAR-2 may be involved in MMP-9 release from airway 
epithelial cells [157], proliferation of fibroblasts [158], and proliferation of airway 
smooth muscle [159]. Mast cell tryptase stimulates lung fibroblast proliferation 
via PAR-2 activation [159, 160]. However, a potential drawback for strategies to 
antagonise PAR-2 is that activation of epithelial PAR-2 causes bronchoprotection 
in the airways [161]. Vascular remodelling is recognised as an early feature of 
COPD, and fibroblast growth factors (FGF) 1 and 2 have been identified in vas- 
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cular and airway smooth muscle, with elevated FGFR-1 in the intima of blood ves- 
sels [153]. Hence MMP-9, PAR-2 and TGF-(3 may be interrelated in causing fibro- 
sis in COPD. In addition, there are links between inflammation, enzymes and 
fibrosis during airway remodelling; and these interactions could be useful targets 
for new drugs for COPD. 



Proteases 

Emphysema is due to an imbalance between proteases (that digest elastin and other 
structural proteins in the alveolar wall) and antiproteases, that protect against this 
attack [162]. Neutrophil elastase, a neutral serine protease, is a major constituent of 
lung elastolytic activity and also potently stimulates mucus secretion. In addition, 
neutrophil elastase induces IL-8 release from epithelial cells and therefore may per- 
petuate the inflammatory state. Although neutrophil elastase is likely to be the 
major mechanism mediating elastolysis in patients with a r AT deficiency, it may 
well not be the major elastolytic enzyme in smoking-related COPD, and it is impor- 
tant to consider other enzymes as targets for inhibition. Proteinase 3 is another neu- 
tral serine protease in neutrophils and may contribute to the elastolytic activity of 
these cells; while cathepsin G is another cysteine protease in neutrophils that has 
elastolytic activity. Cathepsins B, K, L and S are cysteine proteases that are released 
from macrophages and have elastolytic activity. 

Matrix metalloproteinases (MMP) are a group of over 20 closely related 
endopeptidases that are capable of degrading all of the components of the extracel- 
lular matrix of lung parenchyma, including elastin, collagen, proteoglycans, laminin 
and fibronectin. They are produced by neutrophils, alveolar macrophages and air- 
way epithelial cells [163]. Increased levels of collagenase (MMP-1) and gelatinase B 
(MMP-9) have been detected in bronchoalveolar lavage fluid of patients with 
emphysema [164]. BAL macrophages from patients with emphysema express more 
MMP-9 and MMP-1 than cells from control subjects, suggesting that these cells, 
rather than neutrophils, may be the major cellular source [165]. Alveolar macro- 
phages also express a unique MMP, macrophage metalloelastase (MMP-12) [166]. 
MMP- 12 knock-out mice do not develop emphysema and do not show the expect- 
ed increases in lung macrophages after long-term exposure to cigarette smoke [167]. 
MMP-12 does not appear to play a major role in humans and MMP-9 is likely to 
be a major elastolytic enzyme in emphysema. 

Counterbalancing these proteases are a range of antiproteases; a! -AT, also 
known as cq -protease inhibitor, being the major antiprotease in lung parenchyma. 
Inheritance of homozygous oq-AT deficiency may result in severe emphysema, par- 
ticularly in cigarette smokers, but this genetic disease accounts for < 1 % of cases of 
COPD. a! -AT is not the only antiprotease. Secretory leukocyte protease inhibitor 
(SLPI) may be the most important protective mechanism in the airways, being 
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derived from airway epithelial cells and providing a local protective mechanism. Tis- 
sue inhibitors of metalloproteinases (TIMPs) counteract the effect of matrix metal- 
loproteinases, while cystatins counteract the effect of cathepsins 

This suggests that either inhibiting these proteolytic enzymes or increasing 
endogenous antiproteases may be beneficial and theoretically should prevent the 
progression of airflow obstruction in COPD [168, 169] (Fig. 7). One approach is to 
give endogenous antiproteases (a r AT, secretory leukoprotease inhibitor, elafin, tis- 
sue inhibitors of MMP), either in recombinant form or by viral vector gene delivery 
[170, 171]. These approaches are unlikely to be cost effective as large amounts of 
protein have to be delivered and gene therapy is unlikely to provide sufficient pro- 
tein. 

A more promising approach is to develop small molecule inhibitors of pro- 
teinases, particularly those that have elastolytic activity [172]. Small molecule 
inhibitors, such as ONO-5046 and FR90127 7, have been developed which have 
high potency [173, 174]. These drugs inhibit neutrophil elastase-induced lung 
injury in experimental animals, whether given by inhalation or systemically and 
also inhibit the other serine proteases released from neutrophils (cathepsin G and 
proteinase-3). Small molecule inhibitors of neutrophil elastase are now entering 
clinical trials, but there is concern that neutrophil elastase may not play a critical 
role in emphysema and that other proteases are more important in elastolysis. 
Inhibitors of elastolytic cysteine proteases, such as cathepsins K, S and L that are 
released from macrophages [175] are also in development [176]. Matrix metal- 
loproteinases with elastolytic activity (such as MMP-9) may also be a target for 
drug development [177], although non-selective MMP inhibitors, such as mari- 
mastat, appear to have considerable side-effects. It is possible that side-effects 
could be reduced by increasing selectivity for specific MMPs or by targeting deliv- 
ery to the lung parenchyma. MMP-9 is markedly over-expressed by alveolar 
macrophages from patients with COPD and is the major elastolytic enzyme 
released by these cells [178], so a selective inhibitor might be useful in the treat- 
ment of emphysema. 



Lung regeneration 

Since a major mechanism of airway obstruction in COPD is due to loss of elastic 
recoil due to proteolytic destruction of lung parenchyma, it seems unlikely that 
this could be reversible by drug therapy, although it might be possible to reduce 
the rate of progression by preventing the inflammatory and enzymatic disease 
process. Retinoic acid increases the number of alveoli in developing rats and, 
remarkably, reverses the histological and physiological changes induced by elas- 
tase treatment of adult rats [179, 180]. However, this is not observed in other 
species [181]. Retinoic acid activates retinoic acid receptors, which act as tran- 
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Protease inhibition. Matrix metalloproteases (MMP), neutrophil elastase (NE) and cathepsin 
catalyze the degradation of extracellular matrix proteins such as elastin, collagen and 
fibronectin. Endogenous protease inhibitors include ^-antitrypsin (a r AT), secretory leuko- 
protease inhibitor (SLPI) and tissue inhibitor of matrix metal loproteinases (TIMP). 



scription factors to regulate the expression of many genes involved in growth and 
differentiation. The molecular mechanisms involved and whether this can be 
extrapolated to humans is not yet known. Several retinoic acid receptor subtype 
agonists have now been developed that may have a greater selectivity for this effect 
and therefore a lower risk of side-effects. The receptor mediating the effect on 
alveoli appears to be the RAR-y receptor. A short-term trial of all-trans-retinoic 
acid in patients with emphysema did not show any improvement in clinical para- 
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meters [182], but a longer study is currently underway. This approach is unlikely 
to be successful as adult human lung, unlike rat lung, has less potential for repair. 
Another approach to repairing damaged lung in emphysema is the use of stem cells 
to seed the lung [183]. Type 2 pneumocytes and Clara cells might be suitable for 
alveolar repair and this is currently an active area of research. 



Future directions 

New drugs for the treatment of COPD are greatly needed. While preventing and 
quitting smoking is the obvious preferred approach, this has proved to be very dif- 
ficult in the majority of patients [184]. Furthermore, the contribution of other envi- 
ronmental factors (cooking fumes, pollutants, passive smoking, other inhaled tox- 
ins) and developmental changes in the lungs needs to be minimised [185]. It is 
important to identify the genetic factors that determine why only a minority of 
heavy smokers develop COPD [186], and identification of genes that predispose to 
the development of COPD may provide novel therapeutic targets. However, it will 
be difficult to demonstrate the efficacy of novel treatments on the rate of decline in 
lung function, since this requires large studies over three years. Hence, there is a 
need to develop novel outcome measures and surrogate biomarkers [187], such as 
analysis of sputum parameters (cells, mediators, enzymes) or exhaled condensates 
(lipid mediators, reactive oxygen species) [188]. It may also be important to more 
accurately define the presence of emphysema versus small airway obstruction using 
computerised tomography (CT) scans, as some drugs may be more useful for pre- 
venting emphysema, whereas others may be more effective against the small airway 
inflammatory and fibrotic processes. More research on the pathophysiology of 
COPD is urgently needed to aid the logical development of new therapies for this 
common and important disease, for which no effective preventative treatments cur- 
rently exist. 
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